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      With the trend of miniaturization in analytical chemistry, microscale sample 
pretreatment techniques have become an active research field because they have obvious 
advantages of low cost, efficiency, selectivity, high enrichment and possible automation. 
The potential of on-line coupling with chromatography is also possible.   
      This work focuses on the development of novel microextraction techniques and their 
applications to environmental sample analysis. The new microextraction techniques 
include developing a new type of fiber for SPME, solvent bar microextraction (SBME), 
dynamic hollow fiber-supported headspace solvent microextraction (DHF-HS-SME), and 
dynamic liquid-liquid-liquid microextraction with the automated movement of the 
acceptor (final extracting) phase (LLLME/AMAP).  
      Firstly, a siliceous ZSM-5 (Si/Al > 50) coated capillary tubing as a new type of solid 
phase microextraction (SPME) fiber was investigated. The selectivity of this coating for 
SPME is due to its unique adsorptive characteristics. This new fiber was investigated for 
the extraction of chlorobenzenes from the gaseous phase. The ZSM-5 adsorbent 
represents a new, stable, and durable inorganic material that is hydrophobic for the SPME 
of volatile organic compounds. 
      Secondly, another liquid-liquid microextraction technique, termed solvent bar 
microextraction (SBME) was developed In this method, the organic extractant solvent (1-
octanol) was confined within a short length of a hollow fiber membrane (heat-sealed at 
both ends) that was placed in a stirred aqueous sample solution. Tumbling of the 
extraction device within the sample solution facilitated extraction. Since the hollow fiber 
 xii 
membrane was sealed, it could be used for extraction from “dirty” samples, such as soil 
slurries, etc. This novel microextraction method was compared with single-drop 
microextraction and static hollow fiber membrane microextraction in which the extractant 
solvent was also held within a hollow fiber but with the latter fixed to a syringe needle 
(i.e. there was no tumbling effect). Comparison between SBME and conventional solid-
phase microextraction in a soil slurry sample was also investigated. 
      Thirdly, a dynamic hollow fiber-supported headspace solvent microextraction (DHF-
HS-SME) was developed. With the hollow fiber as support, the surface area afforded by 
the organic phase was increased. Furthermore, with the movement of syringe plunger, a 
very thin organic film was formed inside the hollow fiber. Analysis was carried out by 
gas chromatography/mass spectrometry. The effect of sampling temperature, water, salt, 
dwelling time were investigated. Results indicated that this novel headspace 
microextraction method was a good alternative to conventional headspace extraction 
method. The enrichment factor, linear range, the limits of detection and repeatability 
were evaluated. This technique represents an inexpensive, convenient, fast and simple 
sample preparation of semi-volatile organic compounds.  
      Finally, a new dynamic liquid-liquid-liquid microextraction procedure, with the 
automated movement of the acceptor phase (LLLME/AMAP) to facilitate mass transfer, 
was developed. In this method, the extraction involved filling a 2-cm length of hollow 
fiber with 4 mL of acceptor solution using a conventional microsyringe, followed by 
impregnation of the pores of the fiber wall with organic solvent. The fiber was then 
immersed in an aqueous sample solution. The analytes in the sample solution were 
extracted into the organic solvent, and then back extracted into the acceptor solution. 
During extraction, the acceptor phase was repeatedly moved in and out of the hollow 
fiber channel with the syringe plunger controlled by a syringe pump. The results 
 xiii 
indicated that up to 400-fold enrichment of the analytes could be obtained under 
optimized conditions. The enrichment factors were two times those of static liquid-liquid-
liquid microextraction. In addition, in contrast to previously reported dynamic three-
phase microextraction, this new method shows much higher extraction efficiency.  
       All the above-mentioned techniques are reported and described and the results 
indicated that they could serve as alternative methods to conventional sample preparation. 
These techniques are not only excellent preconcentration methods, but also effective 






































1.1  Historical Development of Extraction Techniques 
 An analytical procedure particularly in the environmental area has several steps: 
sampling, sample handling, sample preparation, separation and quantitation, statistical 
evaluation, interpretation of results, and finally, necessary action.  Among these steps, 
sample preparation is one of the most important steps for obtaining correct and 
accurate results of the appropriate quality [1].  
 A sample preparation is necessary to isolate the analytes from the sample matrix. 
This step also includes “clean up” procedures for very “dirty” and complex samples. 
In addition, the sample preparation can concentrate analytes and improve limits of 
detection and sensitivity.  
 Despite advances in separation and quantitation techniques, many sample 
preparation practices are based on traditional extraction techniques such as liquid-
liquid extraction (LLE), solid phase extraction (SPE), headspace extraction, 
supercritical fluid extraction (SFE), microwave assisted extraction (MAE), etc.   
 LLE is among the oldest sample pretreatment method in analytical chemistry. In 
LLE, hydrophobic sample analytes are extracted from aqueous phase with a water-
immiscible organic phase. Various volatile organic solvents can be used for extraction 
such as acetone, chloroform, diethyl ether, hexane, methylene chloride, etc. For 
successful LLE, the analyte should be extracted quantitatively from the sample into 
the organic solvent. Usually, high extraction efficiency may be obtained by using 
large volume of organic solvent and multiple extractions. After extraction, in order to 
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be suitable for injection into the modern analytical instrumentation such as gas 
chromatography (GC), gas chromatography/mass spectrometry (GC/MS), capillary 
electrophoresis (CE), high performance liquid chromatography (HPLC), the organic 
solvent is normally evaporated to dryness and the residue is reconstituted by a small 
volume of a appropriate solvent to ensure that the analytes are at detectable 
concentrations. LLE is widely used in biological [2-6] and environmental samples [7-
9]. However, LLE has many disadvantages: it is cumbersome since evaporating the 
organic solvent is necessary to preconcentrate the extract, and is time-consuming. In 
addition, it requires a relatively large quantity of organic solvent that is usually 
expensive, toxic and hazardous to the environment.  
 Solid phase extraction (SPE), also known as adsorbent extraction, is a process in 
which analytes are extracted into a solid adsorbent after which the concentrated 
analytes are eluted with a small quantity of organic solvent for instrument analysis. 
The sorbents utilized for SPE are generally similar to the solid phase used in HPLC. 
They include normal-phase, reversed-phase, size-exclusion, and ion-exchange 
sorbents. SPE generally includes: (a) conditioning of solid phase; (b) eluting of the 
unwanted components; (c) clean-up; (d) eluting the analytes of intent; (e) evaporation 
of the organic solvent and concentration of the analytes. Alternatively, the unwanted 
components may be retained at step (b) while the analytes are removed subsequently 
from the sorbent. SPE can be applied to extract not only hydrophobic, but also more 
hydrophilic compounds, which is an advantage over LLE.  In addition, as compared 
with LLE, SPE is faster and easier to manipulate, and provides higher enrichment 
factors.  The application of SPE to environmental analysis has made great progress in 
the past two decades, and SPE has been introduced as standard method by the United 
States Environmental Protection Agency (USEPA) [10]. However, SPE has some 
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significant limitations such as the ease with which the sorbent pores are blocked by 
matrix, and a large volume elution volume. Furthermore, it may cause analyte loss 
due to its multi-steps process. Finally, it is not suitable for extraction of volatile 
compounds. 
 Conventional headspace analysis includes static headspace and d ynamic purge-
and-trap techniques. In the static headspace approach, the objective is to seal the 
sample in a gas-tight vial with a septum to sample the vapors within the vial. Analytes 
are equilibrated between the sample and its headspace. After a prescribed extraction 
time, the vapor is sampled with a microsyringe. Dynamic purge-and-trap is another 
technique for volatile organic compounds (VOCs) analysis. Its sampling involves the 
passing of a carrier gas through an aqueous sample to purge the VOCs from the 
matrix, followed by the trapping of the analytes on a sorbent. The analytes are 
subsequently desorbed into the analytical instrument. Usually, as with static 
headspace sampling, dynamic purge and trap has been widely used to analyze VOCs 
in environmental contaminants, clinical products, food, and aromas [11-15]. However, 
static headspace suffers from low sensitivity due to the lack of a concentration effect. 
For dynamic purge-and-trap, there are some disadvantages, including complicated 
operation, foaming and cross-contamination in relation to the sorbent trap in particular. 
 Microwave-assisted extraction exploits electromagnetic radiation to desorb 
analytes from their matrices, usually solids or semi-solids. The first application of 
microwave-assisted extraction of analytes from a matrix was reported in 1986 [16]. 
The essential components of a microwave system include a microwave generator, 
wave transmission, resonant and a power supply. The system utilizes the heating 
effect by the microwave to drive the analytes in the matrix into the organic solvent. 
After extraction, the organic solvent in excess is evaporated and the residue is 
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reconstituted with a small amount of an appropriate solvent. MAE has been widely 
used in environmental analysis [17].  
 Supercritical fluid extraction (SFE) is a process that exploits the solvation power 
of fluids at temperatures and pressures close to their critical point. The supercritical 
fluid improves extraction efficiencies within shorter times as compared with other 
conventional extraction methods. Under the critical point, supercritical fluid retains 
the advantageous properties of a gas such as high diffusivity and low viscosity. In 
addition, even the less volatile compounds can be separated from solid samples using 
this method. However, SFE requires an expensive high-pressure carbon dioxide 
delivery system. 
      To address the above problems of conventional extraction techniques, such as 
large volume consumption, labour-intensive operations and cost, recent research 
activities are oriented towards the development of convenient, efficient, economical, 
and miniaturized sample preparation techniques. Although most of these techniques 
are more suitable for aqueous matrices, they may be modified to handle solid or semi-
solid samples.  
 
1.2 Recent Developments of Microextraction Techniques 
In the past few decades, miniaturization has become an important trend in the 
development of sample pretreatment techniques and has been developing very rapidly 
in terms of its technology and applications. 
Microextraction is defined as an extraction technique where the volume of 
extracting phase is just very small in relation to the volume of the sample [18]. In 
addition, the extraction is usually not an exhaustive but an equilibrium process. 




Figure 1-1 Schematic diagram of classification of microextraction techniques 
three-phase microextraction. Two-phase microextraction includes direct solid phase 
microextraction (SPME), membrane-protected SPME and stir bar sorptive extraction 
(SBSE), etc. Three-phase microextraction includes headspace microextraction and 
liquid-liquid-liquid microextraction (LLLME). The detailed classification of these 
microextraction techniques is shown in Figure 1-1. 
 
1.2.1 Two-phase microextraction 
 
1.2.1.1 Solid Phase Microextraction     
  In 1990, Arthur and Pawliszyn introduced the concept of solid phase 
microextraction (SPME) [19]. Typically, SPME is based on the partitioning of the 
analyte between the matrix and the polymer film coating (extracting phase), usually 
immobilized on a fused silica substrate (fiber). The distribution ratios of analytes 
between the sample and the coating are dependent on matrix effects which involve the 
pH value, salt concentration, addition of organic solvents, agitation, and compounds 
in excess due to competitive absorption.  
  A number of coatings have been investigated for their particular properties, such 
as polydimethylsiloxane (PDMS) [20-25], liquid crystal polyacrylate (PA) [26-28], 
Carbowax/divinylbenzene (CW/DVB) [29-31], Carbowax/templated resin (CW/TP) 
[32-34], Carboxen/PDMS [35-37], Divinylbenzene/carboxen/PDMS 
(DVB/CAR/PDMS) [38]. In addition, some other coating materials, such as 
polypyrrole [39], nafion [40], poly (3-methylthiophene) [41], crown ether by sol-gel 
technology [42], bonded sol-gel layer [43], molecularly imprinted sol-gel materials 
[44-45], polycrystalline graphite (pencil lead and glassy carbon) [46], and low-
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temperature glassy carbon films [47], were developed to extract substances such as 
metal ions, proteins, polar compounds, pesticides, volatile organic compounds, etc. 
Among these coatings, the most widely used and reported is PDMS. It is a non-polar 
extracting phase and has been utilized for the extraction of various volatile 
compounds in environmental, industrial, pharmaceutical and clinical samples [48].  
  SPME is a solvent-free procedure that has the advantages of simplicity, high 
sensitivity, easy automation, rapid preconcentration, and extraction ability. In contrast 
with other conventional sample preparation techniques such as LLE, SPE, etc, It 
combines the extraction, preconcentration, and sample introduction into one simple 
solventless step. The initial utilization of SPME was in combination with GC analysis. 
Later, interfacing with HPLC and CE was reported. 
  SPME is dependent on the partitioning of the analytes between the sample matrix 
and the polymer coating. The thickness of the coating determines the volume and 
surface area of the extracting phase, and consequently, the amount of adsorption on 
the fiber. The active length of the coating is typically 1 cm. During extraction, the 
SPME fiber is exposed to sample for a prescribed time and the target analytes are 
extracted form the sample matrix into the coating. After sampling, the fiber is 
retracted into the holder. It is then inserted into the GC injection port for thermal 
desorption, followed by separation and analysis. 
  However, SPME suffers from some limitations. Its fiber is fragile and can easily 
be broken. Care should be taken in handling the SPME fiber during sampling and 
injection. Another problem is that the fiber has limited capacity and extraction is 
strongly influenced when sampling complex liquid matrices.  When a high 
concentration of suspended matter is present in the sample, the fiber coating may be 
damaged due to the excess absorption on the surface. Moreover, carry-over of the 
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fiber may be present for some analytes and in some cases it is difficult to eliminate it 
even at high desorption temperature. 
 
1.2.1.2 Theory of solid phase microextraction  
      At equilibrium, the amount of analyte absorbed by the coating is directly to its 
concentration in the sample [49]             







=                                                                 (1)  
where n is the mass of an analyte absorbed by the coating; fV   and sV  are the 
volumes of the coating and the sample, respectively; fsK is the partition coefficient of 
the analyte between the coating and the sample matrix; oC is the initial concentration 
of the analyte in the sample.  
 Usually, the coatings used in SPME have a high affinity for organic molecules, 
hence the values of fsK are large. These large values of fsK  lead to good 
preconcentration of the target analytes in the aqueous sample and a corresponding 
high sensitivity in terms of the analysis. However, it is unlikely that the values of 
fsK are large enough for exhaustive extraction of analytes from the sample. Therefore, 
SPME is an equilibrium process, rather than an exhaustive one, but can be used to 
accurately determine the concentration of target analytes in a sample matrix through 
proper calibration strategies. As equation (1) indicates that if ffss VKV >> , the 
amount of analyte extracted by the fiber coating could be simplified to 
                              offs CVKn =  
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and is not related to the sample volume.  This feature makes SPME suitable for field 
sampling and analysis in which it combines sampling, extraction, concentration, and 
injection into a single process.  
 
1.2.1.3 Stir Bar Sorptive Extraction 
  Although SPME is a simple and easy -operated technique, the detection limit of 
SPME is limited by the small amount of PDMS. For the most common 100 mm 
PDMS fiber, its coating volume is only 0.61 mL. This usually results in low extraction 
efficiencies and requires very sensitive and selective detectors.  
   In 1999, some ten years after SPME was introduced, Baltussen et al [50] reported 
a technique that used a stir bar coated with PDMS. The procedure was termed stir bar 
sorptive extraction (SBSE). A stir bar was incorporated in a glass tube giving an outer 
diameter of 1.2 mm and the assembly was coated with a layer of PDMS of 1 mm 
thickness. The length of the stir bar can be varied from 10 mm to 40 mm, 
correspondingly, providing amounts of PDMS ranging from 55 mL to 219 mL.  The 
coated stir bar is added to the aqueous sample for stirring and extraction. After a 
prescribed time, it is removed from the solution and the analytes thermally desorbed 
in a thermal desorption device. The desorbed analytes are then directed to GC or 
GC/MS for analysis. The drawback of this technique is that it needs a special, 
expensive (about S$60,000) and complex thermal desorption unit for the stirring bar.  
 
1.2.1.4 Theory of SBSE 
  The theory of SBSE is similar to that of SPME [51], which is based on the 
partition coefficients of analytes between the sample and the coated adsorbent. Since 
we can approximate that the partition coefficient between PDMS and water 
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( WPDMSK / ) is proportional to WOK / (octanol/water partition coefficient), it can be 
expressed as follows [52],  












CKK ´==» //  
where SC  and WC are the analyte concentration in the SBSE and aqueous phase. Sm  
and Wm are the mass of analyte in SBSE and aqueous phase, respectively. SV  and 
WV are the volumes of the coating and aqueous phase.  
  With the phase ratio Sw VV /=b , the above equation can be described as  

















where Om  is the total amount of analyte originally present in the aqueous sample. 
From this equation, the only governing parameter of the recovery of an analyte from 
the sample is the ratio of the partitioning coefficient and the phase ratio between the 
coating (PDMS) on the stir bar and the aqueous sample. Since the volume (100 mL) of 
PDMS coated on the stir bar is much higher than that (0.5 mL) of PDMS coated on the 
fiber in SPME, the b  value in SBSE is much smaller than t hat in SPME. For the 
former, this situation is much more favorable. Even if the analytes have much lower 
WOK / values, it can be expected that SBSE will theoretically lead to quantitative 
extractions for most of the compounds.  
 
1.2.1.5 Liquid-Liquid Microextraction 
  Miniaturization of conventional LLE has been a major research activity in recent 
years. Solvent-based microextraction has been shown to be a viable alternative 
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method to conventional LLE for its low cost, high efficiency and greatly reduced 
solvent/sample consumption.   
  The primary goal of liquid -liquid microextraction is to greatly reduce the amount 
of extraction organic solvent in relation to sample volume, and thus the phase ratio of 
organic solvent to aqueous solution. As phase ratios are reduced, the methods 
developed have made use of microextraction techniques based on equilibrium 
extraction rather than exhaustive extraction.  
  Liquid-liquid microextraction approaches include flow injection extraction (FIE), 
single-drop microextraction (SME), static hollow fiber-protected liquid phase 
microextraction (LPME/HF) and dynamic LPME/HF.  
 
1.2.1.5.1 Flow injection extraction 
      Initial efforts to miniaturize the LLE extraction procedures have led to the 
development of the flow injection extraction method (FIE). FIE was first developed 
independently by Karlberg and Thelander [53] and Bergamin et al [54]. FIE 
procedures involved injection of an aqueous sample into an aqueous carrier stream by 
a rotary pump that was merged with suitable reagent streams.  Organic segments were 
continuously inserted into the stream and the resulting segmented stream passes 
through a coil where extraction occurs. The organic phase was subsequently separated 
from the aqueous phase and led through a flow cell for measurement. Figure 1-2 
shows the manifold for extraction based on the flow injection principle. 
  A typical FIE system is characterized by a low consumption of organic solvent, 
low sample volume, and a high sample throughput.  However, the amount of organic 
solvent used is still several hundred microlitres per analysis that leads to problems of 
 12 





Figure 1-2 Manifold for extraction based on the flow-injection principle. The flow 
rates are (mL min-1): x for the aqueous phase, y for the organic phase, and z for the 
fraction of the organic phase passing through the flow cell. S denotes the sample 
filling port of the rotary valve (12 or 25 mL).  
 
  
1.2.1.5.2 Single-drop microextraction 
  In 1979, Murray [56] introduced a microextraction system in which 200 mL 
hexane was used as extraction organic phase for the analysis of 980 mL of water in a 
modified volumetric flask. The semi-quantitative results indicated this 
microextraction method had the advantages such as the absence of a concentration 
step and speed of analysis over conventional LLE. In 1996, Liu and Dasgupta [57] 
were first to report a novel drop-in-drop system where a microdrop of a water-
immiscible organic solvent (~1.3mL), suspended in a larger aqueous solution, 
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extracted sodium dodecylsulphate ion pairs. The aqueous phase was continuously 
delivered to the outer drop and is aspirated away throughout sampling. After sampling 
and preconcentration for a prescribed time, a clear wash solution replaced the outer 
aqueous drop resulting in an organic drop colored by the extracted analyte. The 
analyte concentration is proportional to the color intensity of the organic drop, which 
could be monitored by a light-emitting diode based absorbance detector. Figure 1-3 




Figure 1-3 Schematic diagram of the drop head system.   
 
Almost at the same time, Jeannot and Cantwell [58] developed another solvent 
microextraction technique by which analytes were extracted into a single drop. In this 
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technique, a small organic drop (8 mL) was located at the end of a 
polytetrafluoroethylene (PTFE) rod which was immersed in a stirred aqueous sample 
solution. After sampling for a prescribed period of time, the probe was withdrawn 
from the aqueous solution, and the organic phase was sampled with a microsyringe 
and injected into the GC for analysis. However, one shortcoming is that the extraction 
and injection were performed separately. Later, the same authors suggested a 
complementary microextraction technique using a single drop. The microextraction 
was performed by suspending a 1-mL drop directly from the tip of a microsyringe 
needle immersed in the aqueous phase. After extraction, the drop was retracted back 
into the microsyringe needle. Then, the needle was withdrawn from the aqueous 
solution and the extractant was directly injected into the GC. The results suggested 
that the proposed system had an excellent potential for used in rapid analysis. In 
addition, the authors indicated that since the aqueous mass transfer coefficient was 
found to be proportional to the diffusion coefficient in the aqueous phase, the film 
theory of convective-diffusive mass transfer was supported instead of penetration 
theory. 
 In 1997, He and Lee [59] investigated two different modes of liquid phase 
microextraction: static and dynamic LPME, for the extraction of chlorobenzenes in 
the aqueous solution. For the former one, the organic drop (1 mL) was exposed to the 
static aqueous sample solution. The analyte in the aqueous solution was transferred to 
the organic drop by diffusion. For the latter one, the microsyringe barrel was used as a 
“separatory funnel” and featured the repeated movement of the syringe plunger, as 
compared with static LPME to agitate the organic and aqueous sample phases. When 
the plunger moved up, the organic solvent was withdrawn and a very thin organic film 
formed on the inner surface of the microsyringe barrel and needle, followed by the 
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aqueous solution. The analyte was transferred rapidly from the aqueous sample plug 
into the organic film which worked as a transporter. The comparison of these two 
methods shows that static LPME provides better reproducibility but suffers from 
limited enrichment and extraction time. The dynamic LPME provides higher 
enrichment within a much shorter time, but has lower reproducibility probably 
because of the manually-enabled plunger movement. Moreover, the author indicated 
that the dynamic LPME could be improved by automation. The schematic diagram is 
shown in Figure 1-4.  
 
 
      Figure 1-4 Schematic diagram of dynamic LPME unit.  
 
 In general, single-drop microextraction has been shown to be a fast, accurate and 
relatively inexpensive extraction sample pretreatment technique. However, some 
practical considerations limit its application. These major problems include the 
stability of the organic solvent drop and sensitivity. The microdrop suspended at the 
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end of the microsyringe needle is easily dislodged by the stirred aqueous sample. 
Furthermore, single-drop microextraction can only be employed for clean matrices, 
because particles or air-bubbles can compromise the solvent drop. Thus, although 
single-drop microextraction is a good sample preconcentration step, it is generally 
unsuitable as a sample clean-up procedure [60].  
 
1.2.1.5.3 Hollow fiber-protected liquid phase microextraction (LPME/HF) 
  To address the disadvantages of single -drop microextraction, Shen and Lee [61] 
developed a microextraction technique termed hollow fiber-protected liquid phase 
microextraction (LPME/HF). In this technique, a 1.3-cm porous hollow fiber 
membrane was used to protect the organic solvent. The solvent impregnated in the 
hollow fiber segment was exposed as a rodlike solvent column in a stirred aqueous 
solution. The rodlike shape increases the solvent surface area since for the sample 
solvent volume the surface area of a sphere is at the minimum. In addition, the 
volume of the organic solvent can be increased by having a longer hollow fiber.  
  As compared with single-drop microextraction, LPME/HF gave higher 
enrichment factor, better linearity and repeatability as a result of the protection 
afforded by the hollow fiber. In addition, due to the selectivity and protection of the 
porous hollow fiber membrane, it can be used to extract analytes from “dirty” 
matrixes. LPME/HF was also easily compatible with GC. For every new extraction, a 
fresh hollow fiber was used and the possibility of carry-over was eliminated.  
Soon after, Zhao and Lee [60] introduced another improvement of static LPME/HF, 
termed as dynamic LPME/HF. In this technique, aqueous solution was repeatedly 
withdrawn into and discharged from the hollow fiber by a syringe pump. When the 
plunger was withdrawn, 3 mL of aqueous sample was withdrawn into the hollow fiber 
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and the organic solvent moved into the syringe barrel. After a dwelling time (pause), 
the plunger was depressed, moving the organic solvent into the hollow fiber. After 
another pause, the same process was then repeated for a prescribed time.  
  A comparison of static LPME/HF with the dynamic LPME/HF shows that both 
can provide good extraction efficiency within a short time. The dynamic LPME/HF 
can provide higher enrichment factors and even better reproducibility than the static 
mode.  
 
1.2.1.5.4  Theory of liquid-liquid microextraction (LLME) 
 The LLME process is driven by the concentration differences of the analyte in the 
two phases until equilibrium is obtained or is interrupted after a prescribed extraction 
time. For an analyte i , the extraction process can be illustrated by the following 
equation 
                                      oa AA «  
where aA  represents the analyte in aqueous phase, and oA  represents the analyte in  
organic phase. According to mass balance, the initial amount of the analyte should be 
equal to that of the analyte in the aqueous phase and the organic phase. It can be 
expressed as follows 




A VCVCVC +=0,  
where aAC 0,  is the initial concentration of the analyte, 
a
AC  and 
o
AC  are the 
concentrations of the analyte after extraction in the aqueous phase and organic phase, 
respectively. aV and oV are the volumes of the sample and the organic solvent, 
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where iA is the interfacial area, Tb is the overall mass transfer coefficient of the 
analyte with respect to the organic phase. The above equation can also be given by the 
following 













Ak +=+= bb  
where k is rate constant and K is distribution coefficient. This equation is of high 
importance during construction of the technical setup for LLME. From this equation, 
it can be seen that the extraction rate is proportional to interfacial area, and to overall 
mass transfer coefficient. The equation reveals that minimization of aqV  and oV  can 
result in faster rate and thus more rapid analysis.  
      In addition, the mass transfer coefficient is related to diffusion coefficient of the 
analyte D  and film thicknessd  in the corresponding phase. 












b =                                                            (4) 
  According to the Whitman film theory, mass transfer coefficient ( b ) increases 
with increasing stirring speed (S) due to the fact that stirring decreases the film 
thickness d . The relationship between the mass transfer coefficient b  and stirring 
rate S could be described by an expression of the following form [62] 
                                  SpM logloglog +=b                                                          (5) 
where Mlog is the intercept of this equation, p is a value [63] between 0.5 and 1. 
From the above equation, 0log b  is proportional to Slog . Therefore, stirring is 
necessary in LLME to obtain rapid extraction.  
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1.2.2 Three-phase microextraction 
1.2.2.1 Headspace microextraction 
Headspace sampling has been widely used to analyze volatile organic compounds 
in the gas phase above a sample for its speed, simplicity, elimination of column 
contamination and no volatile residues. There are two conventional headspace modes: 
direct static headspace and purge and trap.  
Direct headspace sampling has been widely used in the environment, food, 
fragrance, flavor, pharmacy and biological sample analyses [64-67] for many years. It 
can be used to determine VOCs without interference since there is no direct contact 
with the sample matrix. The classical headspace analysis is done by sealing the 
sample in a gas-tight vial with a septum. After a prescribed extraction time, the gas 
vapor is sampled with a microsyringe. However, such a method is only suitable for 
highly volatile compounds and requires high Henry’s Law constant [68]; thus, its 
application is limited. Purge and trap was developed to overcome the sample size 
imposed by static headspace. The purge and trap system usually uses a cryogenic trap 
to refocus the analyte for separation.  
Recently, headspace solid-phase microextraction and headspace solvent 
microextraction have been developed to improve extraction efficiency and widen their 
applications in semi-VOC analysis. Headspace SPME (HS-SPME) [69-70], developed 
by Pawliszyn, has demonstrated wide application to VOC and semi-VOC analysis.  It 
represents a convenient and solvent-free extraction method. During the sampling, the 
SPME fiber can be suspended in the headspace above the sample. Thus, interferences 
are eliminated due to the fact that the SPME fiber is not in contact with the sample. 
Headspace SPME has become very popular in recent years. An important feature of 
this technique is that extraction and injection are incorporated in the same device, thus 
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minimizing analysis time. There is virtually no sample pretreatment needed before 
analysis and after extraction. However, the main drawbacks are that these fibers are 
expensive and have a limited lifetime, as they tend to degrade with the number of 
samplings. In addition, the fused silica is fragile and the polymer is easily scratched, 
comprising its performance and robustness.  
 In a regular headspace SPME, there are three phases involving the condensed 
phase, headspace gas phase and SPME polymer coating. Once the equilibrium is 
attained, the amount of extracted analyte can be described as follows [71]: 












where n is the amount of extracted analytes at equilibrium. 1K  and 2K are equilibrium 
partition constants for the analyte between the condensed phase/its headspace and 
polymer phase/headspace gas phase, respectively. fV is the volume of the polymer. 
sV  and gV are the volumes of the sample matrix and headspace, respectively.  
 
1.2.2.2 Solvent microextraction with simultaneous back-extraction (SME/BE) 
      Two-phase microextraction has been widely used for the extraction of nonpolar or 
midpolar compounds.  However, for highly polar analytes, such as phenols and drugs, 
the extraction effect is unsatisfactory. Although some highly polar solvent can be used, 
such solvents are usually not suitable for two-phase microextraction due to their high 
solubilities in aqueous solution.   
Ma and Cantwell [72] introduced a micro-LLE technique, termed solvent 
microextraction with simultaneous back-extraction (SME/BE). In this technique, the 
organic liquid membrane phase (40 or 80 mL n-octane) is layered over aqueous 
sample phase (0.5 or 1.0 mL) and supported by a small PTFE ring. After extraction 
 21 
for a prescribed time, an aliquot of the extractant is injected directly into HPLC for 
quantification. This technique is efficient and suitable for ionizable compounds. As 
compared with conventional LLE, SME/BE potentially provides additional cleanup of 
samples and increased extraction selectivity. However, its manipulation is still 
complex and the organic solvent is not easily stabilized even when supported by the 
PTFE ring.  
 
 
1.2.2.3 Liquid-liquid-liquid microextraction (LLLME) 
Pedersen-Bjergaard and Rasmussen [73] demonstrated a novel method for 
extraction of methamphetamine, named as liquid-liquid-liquid microextraction. This 
method is based the principle of supported liquid membrane (SLM) and utilizes 
polypropylene hollow fiber as the membrane in a tubal configuration. The technique 
involved the following steps: a segment of hollow fiber (8 cm) was immersed into 
organic solvent (1-octanol). This impregnation step was used to fill the pores of the 
hollow fiber. After impregnation, 25 mL of an acceptor solution was injected into the 
hollow fiber with a microsyringe, and then the fiber was placed into the sample 
solution for extraction. After extraction for a prescribed time, the acceptor solution 
was flushed into a vial by applying a low pressure with gas. Each piece of porous 
hollow fiber was used only for a single extraction. Figure 1-5 shows the diagram of 
the LLLME extraction device.  
This technique was optimized with respect to the type of organic solvent used for 
impregnation, pH of the acceptor and donor phase, and extraction time. Furthermore, 
LLLME was validated or quantitative purpose and applied for the analysis of human 
urine and plasma. There are several advantages of this technique: First, it provides 
higher enrichment factors in a relatively short extraction time. Secondly, it is an 
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effective sample cleanup approach since acidic compounds, and neutral components 
are not extracted into the acceptor phase. Thirdly, a large number of samples can be 
prepared simultaneously due to its offline nature of this technique. Finally, since each 
extraction unit is disposable and utilized only for a single extraction, the cross-




  Figure 1-5 Diagram of the LLLME extraction unit (not to scale).  
 
 More recently, Zhu and Lee [74] further developed the LLLME device by 
utilizing a much shorter hollow fiber (2 cm). In this technique, a 2-mL volume of 
acceptor phase was withdrawn using a microsyringe. The syringe was then inserted 
into the hollow fiber, and the acceptor phase was introduced into the fiber. The fiber 
was immersed into organic solvent for impregnation. After impregnation, the fiber 
attached to the syringe was placed into the donor phase. After extraction, the 
assembly was taken out from the solution. The acceptor solution was withdrawn from 
the fiber and injected into the instrument for analysis. In comparison with the original 
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device of Pedersen-Bjergaard and Rasmussen’s, only one syringe was needed and 
volume of acceptor phase was only 2 mL, making the procedure more convenient to 
use and handle. In addition, since the ratio between the donor phase and acceptor 
phase was greatly increased, the enrichment factor was enhanced up to 380-fold. The 
same authors further extended the LLLME for application to the analysis of acidic 
drugs (ibuprofen, naproxen, and ketoprofen) in aqueous samples and in human urine 
[75], chiral drugs in biological matrices [76], drugs from human breast milk [77], and 
protein-bound drugs [78] from plasma and human urine.  
 
1.2.2.4 Theory of liquid-liquid-liquid microextraction (LLLME)    
The LLLME process involves three phases: donor phase, organic phase and 
acceptor phase. For an analyte i , the extraction process can be expressed by the 
following equation, 
                                     21 aoa iii ¾®¬¾®¬  
where the 1a represents the donor phase, o  represents the organic phase within the 
pores of the hollow fiber, and the 2a aqueous acceptor phase. At equilibrium, the 
relationship of distribution coefficients and mass balance can be expressed as follows  
[72, 73] 
                               eqaeqo CCK ,1,1 /=  




















C ++=  
 
where eqaC ,1  and  eqaC ,2  are the concentration of i at equilibrium in donor phase and 
acceptor phase, respectively. 1K  is the distribution coefficient between the do nor 
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phase and organic phase and 2K  is the distribution coefficient between acceptor 
phase and organic phase. initialaC ,1  is the initial concentration of i in the donor phase. 
1aV  is the volume of  the donor phase, oV  is the volume of organic solvent in the 
pores of the hollow fiber, and 2aV  is the volume of acceptor phase.  
      Due to the fact that the volume of the organic phase is very small, the enrichment 
factor (Ef), defined as the ratio of initialaeqa CC ,1,2 / , can be calculated to be 








 This equation indicates that the low volume ratio of the acceptor and donor phase 
















1.3 General Objectives  
      The conventional sample pretreatment methods such as liquid-liquid extraction 
and Soxhlet extraction are time-consuming, labour-intensive and expensive. 
Miniaturization has developed very rapidly in terms of technology and applications 
for the past decade. The main objective of the present work is to develop novel 
microextraction techniques that have not been reported previously and investigate the 
application of these techniques to trace environmental analysis.  
      These novel microextraction techniques include the use of a new type of fiber for 
SPME; a novel mode of LPME/HF, solvent bar microextraction, dynamic hollow 
fiber-supported headspace liquid phase microextraction, and dynamic liquid-liquid-
liquid microextraction with the automated movement of the acceptor phase. 
      All these techniques are reported here for the first time, are simple, easy to use 
and perform, inexpensive and fast. Furthermore, the results indicated they have great 
potential as alternative sample pretreatment methods in environmental sample 
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 Development of a New Type of Fiber 
          (Siliceous ZSM-5 Coated Capillary Tube) 





As described in the chapter one, many polymers [1-6] have been developed as 
fiber materials. Recently, few inorganic coating materials have been reported in the 
field of SPME fiber except for activated charcoal [7], anodized alumina wire [8], etc.  
 However, activated carbons and activated alumina do not possess an ordered 
crystal structure and the pore sizes are not uniform. There are more than 35 types of 
zeolite minerals and about 100 types of synthetic zeolites [9]. A particular type of 
zeolite molecular sieve has a uniform size that is determined by the unit structure of 
the crystal. 
 Usually, a commercial SPME fiber has the adsorbent coated on a fused silica rod. 
The latter is very fragile, so extra care must be taken when using it. In addition, it is 
easy to scratch the adsorbent coating. Furthermore, the commercially available SPME 
fibers are relatively expensive. To prepare inexpensive fibers having good mechanical 
strength, Lee et al. coated metal fibers with C-8 bonded phase [10]. They used high-
temperature adhesives to fix the C-8 bonded silica particles onto the metal wires. In 
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another development, Djozan et al introduced anodized alumina wire as an SPME 
fiber [8]. 
      In this chapter, a new approach to prepare SPME fibers is described. The coatings 
were prepared by fixing a type of zeolite, ZSM-5 particles which have hydrophobic 
properties onto capillary fibers with high-temperature epoxy. The porous particles 
provide a large specific surface area for analyte adsorption. Thus, it can be predicted 
that a ZSM-5-coated fiber would have an affinity for volatile organic compounds and 
should have high extraction efficiency.  
        
2.2 Experimental Section 
2.2.1 Apparatus 
Analysis of the chlorobenzenes (CBs) was performed on a Hewlett-Packard 5890 
Series II GC/ECD system. The GC was fitted with 30 m x 0.32 cm capillary column 
coated with a 0.25 µm HB-5 stationary phase (J&W, Folsom, CA, USA). The carrier 
gas was high purity nitrogen. The GC temperature program was as follows: initial 
oven temperature 40 oC for 2 min, programmed to 250 oC at the rate of 15 oC/min, 
then maintained at 250 oC for 2 min. The injector and detector temperatures were 250 
oC and 280 oC, respectively. All the injections were made in splitless mode. 
      Scanning electron images of the ZSM-5-coated fiber were obtained by using a 
JSM-5200 (JEOL Ltd. Tokyo, Japan) scanning microscope. The fibers were coated 
with palladium by a JEOL JFC-1600 Auto Fine Coater to enhance its conductivity 
before the microscopy. 
 
2.2.2 Chemicals and Materials. 
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 1,2-Dichlorobenzene (DCB), 1,2,3-trichlorobenzene (TCB), 1,2,3,4-
tetrachlorobenzene (TECB), pentachlorobenzene (PCB) and hexachlorobenzene 
(HCB) (Figure 2-1) were purchased from Aldrich (Milwaukee, WI, USA). Ultrapure 
water was produced on a Nanopure system (Barnsted, Dubuque, IA). HPLC-grade 
methanol was obtained from J. T. Baker (Phillipsburg, NJ, USA).  A stock solution of 
DCB, TCB, TECB, PCB and HCB containing 0.2 mg/mL of each analyte was 
prepared by dissolving in methanol. A standard aqueous solution of the five CBs (2 
mg/mL of each) was prepared from the stock solution by diluting with ultrapure water. 
A 1-mL aliquot of the last-mentioned solution was then introduced into a 25-mL 
sample vial. This represented the working sample.          
       ZSM-5 (Si/A=25) was obtained from PQ Corporation (Valley Forge, PA, USA). 
Capillary tubing was purchased from Polymicro Technologies (Phoenix, AZ, USA). 
The surface was coated with polyimide. It had an outer diameter of 193 ± 7 mm and 
internal diameter of 75 ± 3 mm. 
 
2.2.3 Preparation of ZSM-5-Coated Capillary Tubing. 
      The schematic of the ZSM-5-coated capillary tubing is shown in Figure 2-2. The 
capillary tubing was cut manually and carefully into 2.0-cm lengths. It was cleaned 
with common detergent to remove any contaminants and rinsed with water. After that, 
it was cleaned with HPLC-grade acetone in an ultrasonicator (Soltec, Italy) for 15min. 
It was dried at 60 oC in an oven for 30 min and allowed to cool to room temperature.  
      The ZSM-5 particles were immobilized on the capillary surface by using high-
temperature epoxy (Type 353ND, Epo-Tek Inc., MA, USA). The capillary tubing 

























1,2, 4, 5-Tetrachlorobenzene Pentachlorobenzene
Hexachlorobenzene                                 
Figure 2-1 Structures of the five CBs considered in this work.  
 
addition, one end of the tubing was sealed with epoxy. The tubing was dipped into the 
ZSM-5 particles and pressed onto a ZSM-5 particle bed. The coated fiber was 
preheated at 70 oC in oven for 2h and ventilated with nitrogen to remove surplus 
coating particles, then heated at 150 oC for 12 h. After cooling to ambient temperature, 
one end of the fiber was inserted into a larger-bore connecting capillary column 
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sleeve (ID 0.32 mm x 0.5 cm) with a length of 0.3 cm. A stainless steel tubing with 





  Figure 2-2 Setup of the ZSM-5 coated capillary tubing 
 
2.2.4 Extraction Procedure.   
      Before each extraction, the ZSM-5 coated tubing was preconditioned in the GC 
injection port at 250 oC for 10min. Then the fiber was retracted back into the 
protective and piercing syringe needle.  
A 25-mL glass vial with a sealed septum and crimp cap was used as sample 
container. A 1.00-µl aliquot of aqueous solution containing 2 mg/mL each of the five 
CBs was introduced to the vial and a gaseous sample containing 80 pg/mL of each 
analyte was prepared. The headspace of the sample was equilibrated for 15 minutes 
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under ambient condition (25°C, room temperature). The analytes were extracted from 
the headspace and thermally desorbed in the conventional SPME way. 
 
 
2.3 Results and Discussion  
The siliceous ZSM-5 (Si/Al > 50) coated capillary tubing was evaluated as a new 
type of SPME fiber. ZSM-5 has a high ratio of Si/Al and is hydrophobic. It was 
investigated for the extraction of CBs from the gaseous phase.  
 
2.3.1 ZSM-5 coating  
      Zeolites are high-capacity and selective adsorbents. They separate molecules 
based on the size and configuration of the molecule relative to the size geometry of 
the main apertures of the zeolite structure [11]. In addition, zeolites adsorb molecules, 
in particular those with a permanent dipole moment and which have other interaction 
effects, with a selectivity not found in other adsorbents. 
      The amount of gas or vapor that is adsorbed by ZSM-5 depends on the 
equilibrium pressure (P), the temperature (T), the nature of the gas or vapor, and the 
nature of micropores (for example, pore size, hydrophilicity or hydrophobicity) in the 
zeolite crystal. The adsorption processes are exothermic. When the adsorption takes 
place, the free energy change ( D G) must be negative.11 
      Most of the basic theories about SPME are based on the distribution between the 
polymer coatings (usually liquid) and aqueous solution or air sample [12]. For 
Carboxen coating, the extracting phase can be seen as a porous solid. Gorecki and 
Pawliszyn developed the theory for Carbowax coatings to extract analytes from two-
phase (aqueous) and three-phase (headspace) systems [13]. To our knowledge, 
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zeolites have not been reported as SPME fiber coatings. They are typically solid 
particles and extract analytes in the gaseous phase via adsorption. 
      We can hypothesize that the equilibrium between the gas phase and the solid 
phase fiber is as follows: 
                                Gaseous sample « Zeolite (solid phase fiber) 
  The equilibrium between the gaseous and the adsorbed states of a substance is 
comparable with that between the vapor and liquid forms of a substance. The 
thermodynamic model that led to the Clausius-Clapeyron equation would produce a 
similar expression for the adsorption process. For the vapor and liquid, according to 
the Clausius-Claperyron equation, it can be described by                                     







-=                                                           (1)                 
      For adsorption, we usually deal with D Hads, the enthalpy change for the gas to 
adsorbed-state process.  This produces a sign change and leads from (1) to [14] 






Pd madsD-=                                                          (2) 
      Equation (3) and (4) may be obtained by integration of (2),  









ln                                                    (3) 





-=ln                                                         (4)                                                                                            
      Here, we can hypothesis that the adsorption process between the zeolite-coated 
fiber and gaseous sample at low concentration is a model of Langmuir adsorption. 
However, it should be pointed that the Langmuir adsorption is an ideal model. In fact, 
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the actual adsorption on the ZSM-5 may be more complicated, as a simplification, the 
ideal model may be used. During Langmuir adsorption, the process can be depicted as 
a monomolecular film over the surface of the adsorbent, and the derived adsorption 
equilibrium is established between the gaseous sample and the partially formed 
monolayer. 
      At the low concentration and partially formed monolayer, when the gas is at 
pressure P, the amount of the gas adsorbed on the surface is Nf, and the fraction of the 
surface that is covered is represented by q .  
      For Langmuir adsorption, we suppose that at some temperature T, the amount of 
gas adsorbed at pressure P and the amount of gas Nm is needed to form a saturated 
concentration monolayer.  Thus, 
                                            q  = Nf/Nm. 
      We can suppose that after equilibrium (i.e. the equilibrium between adsorption 
and desorption on the surface), a fraction q  of surface is covered by the adsorbed 
molecules, while 1-q  will not be covered [15]. The rate of adsorption is proportional 
to the concentration of molecule gasC  in gas phase. So the rate of adsorption is                                
                                           )1( q-= gasCakav                                                          (5) 
where ak  is a constant. The desorption rate is proportional only to the number of 
molecules attached to the surface,  
                                         qdkdv =                                                                           (6) 
      At equilibrium, the rates of adsorption and desorption is equal; thus 
                                       )1( q-gasCak = qdk                                                      (7) 












=q                                                                   (8) 
      For two substances (A and B) adsorbed on the surface, the fractions covered by 
them are given by, 







=q                                                    (9) 






=q                                                 (10) 
      At low concentrations of A and B, ;1<<AACK  ;1<<BBCK      
                                        BBBAAA CKCK == qq ;                                                       (11) 
      To simplify the model, we can take the simplest adsorption (one substance) as 
example. At low concentration, gasCK ' <<1,  
                                          q = gasCK '                                                                       (12) 
      According to the definition of q ,                
















====q                                         (13) 
where fC is the concentration of adsorbed analyte on the fiber,                                   
                                   gasgasmf KCCCKC == '                                                     (14) 











==                                                              (15) 
In addition, the gas phase can be assumed to be an ideal gas.   
                                  nRTPV =                                                                                (16) 
                                   RTPVnCgas // ==                                                              (17) 
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RTNLnP lnlnln +-==                                      (19)        
      So the equation (19) can be combined with the equation (4) and rearranged, thus 










=                                      (20) 
      From this equation, we can see that the equilibrium constant K is determined only 
by thermodynamic temperatureT .  
      As a consequence, at a fixed temperature, the concentration of adsorbed analyte 
on the fiber is linear with the concentration of analyte in the gaseous sample. 
                                 gasf KCC =                                                                             (21) 
This equation provides a means to determine the concentration of an analyte in the 
gaseous phase at a fixed sampling temperature. However, since the equation is based 
on Langmuir adsorption, it can be established only at low concentration of the 
gaseous sample.  
 
2.3.2 Scanning Electron Microscopic (SEM) Images of ZSM-5 Coated Layer 
      Figure 2-3 shows scanning electron microscopic images of (a) a capillary tubing 
without coating at 100X magnification; (b) a capillary tubing coated with ZSM-5 
(about 20-mm thickness) at 100X magnification, and (c) the porous layer of ZSM-5 at 


















Figure 2-3c SEM image of ZSM-5 particles magnified by 2000X 
 
  In addition, to investigate the efficiency of the ZSM-5 coated capillary tubing, a 
commercial 7-µm PDMS fiber and smooth capillary tubing without coating were used 
as comparison for the extraction of 8 pg/mL CBs from the gaseous phase. As 
illustrated in Table 2-1, when the capillary tubing was coated with ZSM-5, the 
extraction efficiency was increased significantly as compared with the smooth 
uncoated capillary tubing, and was also better than that of a 7-µm PDMS fiber. The 






Table 2-1 Comparison of Extraction Efficiency of Uncoated Capillary Tubing, 




    Compound                Uncoated            7-µm PDMS               ZSM-5-coated 
                                 Capillary tubing          commercial fiber capillary tubing 
 
  DCB                                   -b                          2804c 3662 
 
  TCB  - 6307   7483 
 
  TECB - 26240  40984 
 
   PCB 5116  75911 78096 
 




a:  Conditions: concentration of  each chlorobenzene, 8 pg/mL; extraction time, 15 
min at room temperature. 
b:  Not detected. 
c:  Peak area. 
 
2.3.3    Structure and Sorptive Properties of ZSM-5 
      The framework unit of ZSM-5 contains a novel configuration of linked tetrahedral 
which consists of eight five-membered rings [16]. As shown in Figure 2-4, ZSM-5 has 
an effective three-dimensional channel defined by 10-membered ring openings. It 
possesses unique sorption and diffusion properties [17]. 
ZSM-5 is widely used as a catalyst in industries and has high thermal stability. 
The hydrophobic property of zeolite is dependent on the Si/Al ratio. This property is 
thought to result from the channel geometry affording very favorable interaction 
between organic compounds and the channel wall   (–C–H·····O<) in which a high 
percentage of the alkane hydrogen atoms are involved. Thus the material can adsorb 
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volatile organic compounds, such as benzene, toluene, ethylbenzene, xylene, ethanol, 





Figure 2-4  Skeletal diagram of the ZSM-5 unit cell [19]. 
                      |Na+n (H2O)16| [AlnSi96-n O192]-MFI (Si/Al = 25). 
 
2.3.4 Effect of Extraction Time 
  Adsorption time profile studies were carried out to determine SPME equilibration 
time for each analyte (80 pg/mL) in the gaseous phase with our ZSM-5-coated 
capillary tubing. Figure 2-5 shows representative adsorption time profiles for CBs. 
For SPME, Pawliszyn indicated that the time required to reach equilibrium is 
independent of concentration, but dependent on the compound and coating [20]. 
Extractions were performed from 0.5min to 30min. Fresh gaseous sample was used 
for each extraction. Results indicated that equilibrium was reached after more than 10 





























Figure 2-5 Adsorption time profile of DCB, TCB, TECB, PCB and HCB from 
gaseous sample using ZSM-5 coated capillary tubing as SPME fiber. Conditions: 
gaseous sample, 25mL; concentration of each compounds, 80 pg/mL; 15-min 
extraction at room temperature (25 oC). 
 
 
2.3.4 Repeatability and Reproducibility 
      Repeatability studies (n=5) for one fiber were  carried out with a standard gaseous 
concentration of CBs (80 pg/mL) at 25 oC. The results are summarized in Table 2-2.  
The relative standard deviations (RSDs) were below 9% (from 5.1% to 8.9%). In 
addition, the inter-fiber reproducibility was investigated by testing five prepared 
ZSM-5 fibers of the same batch. The RSDs were from 6.6% to 9.8%. These results 
show that ZSM-5 coating is stable at the desorption temperature (250 oC) and can be 









Compounds                     Repeatability based on the  Inter-fiber reproducibility   
                                        same fiber (RSD%) (n=5)  (RSD%) (n=5) 
 
  DCB         5.8 6.6 
 
  TCB 5.1 8.2 
 
  TECB  7.6 7.9 
 
  PCB  8.2 9.2 
 
   HCB   8.9 9.8 
 
 
a: Conditions:  gaseous sample volume, 25 mL; concentration of chlorobenzenes, 80 
pg/mL; extraction time, 15 min at room temperature (25 oC). 
 
 
2.3.5 Linearity and Limits of Detection 
  Table 2-3 summarizes the data obtained from the study of linearity, the square of 
correlation coefficients and detection limits. As shown in the Table, linearity of the 
calibration graphs for all the CBs was obtained for the concentration range of 2-200 
pg/mL, and also 20-1000 pg/mL. The square of the correlation coefficient (r2) ranged 
from 0.9895 to 0.9974.  Limits of detection (LODs) of CBs, calculated based on the 
ratio of signal to noise (S/N) of 3, were in the range of 0.4–4 pg/mL. The good LODs 









Table 2-3.  Linearity, Limits of Detection (LODs) and the Square of the Correlation 






Figure 2-6 Blank GC runs involving ZSM-5-coated capillary tubing desorbed at 
different injection temperatures: (a) 200 oC (b) 250 oC (c) 280 oC (d) 300 oC. Other 
experimental conditions: initial oven temperature 40 oC for 2 min, programmed to 250 
oC at the rate of 15 oC/min, then maintained at 250 oC for 2 min. The detector 
temperature was 280 oC.  
 
 
     Compounds                     Linearity                   LODs              Square of the  
                                             (pg/mL)                    (pg/mL)     correlation coefficient (r2) 
 
DCB 20-1000 4.2 0.9895 
TCB 20-1000 3.0 0.9926 
TECB 10-500 1.2 0.9933 
PCB 10-200 0.5 0.9974 
HCB 10-200 0.4 0.9912 
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2.3.6 Thermal Stability 
The ZSM-5 particles are stable under high temperature. This is due to the fact that 
the ZSM-5 is a high-silica zeolite and usually can be employed as a catalyst in 
industries for more than 400 oC. Thus, the porous ZSM-5 layer can be used under the 
operational temperature (250 oC). However, when the adhesive Epoxy was subject to 
300 oC, Lee [21] indicated that some extraneous peaks were observed. In our 
experiment, our results supported their observation.  The thermal stability of the 
coating with epoxy (35ND) was investigated at different injection temperatures: 200 
oC, 250 oC, 280 oC and 300 oC. As shown in Figure 2-6, when the injection 
temperature was below 280 oC, no apparent extra peaks were observed. However, at 
300 oC, some unidentified peaks were observed. This could be due to the degradation 
of the epoxy or the leaching of monomers from the epoxy. Further work is needed to 














2.4 Concluding Remarks 
  This chapter demonstrated that zeolite type ZSM-5-coated on capillary tubing 
could be used as a SPME fiber for extracting and determining trace levels of 
chlorobenzenes. Unlike aluminum oxide, graphite and charcoal, zeolite type particles 
possess an ordered crystal structure and uniform pore sizes. The ZSM-5 coating is 
porous, hydrophobic and has affinity for volatile organic compounds. It represents a 
new, stable, and durable inorganic material that is hydrophobic for the SPME of 
VOCs. Similar types of zeolites extend the potential of using such materials for SPME 
applications. Affordability, easy fabrication, stability, availability of other zeolite 
types and high adsorption ability are the main advantages of using these materials in 
SPME. As mentioned above, some problems were encountered resulting from the use 
of the epoxy adhesive at more than 300 oC. Further work would be needed to 
investigate the application of adhesives that are stable at >300 oC . Initial work using 
the inorganic and hydrophobic ZSM-5 coating has shown high potential for the SPME 
of chlorobenzenes, suggesting that further studies would be valuable. Additionally, 
the applicability of other types of zeolites should be studied in order to evaluate their 
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 Conventional sample pretreatment for isolation and/or enrichment of organic 
compounds from aqueous solution is very commonly carried out by liquid-liquid 
extraction (LLE). LLE has been widely applied to the analysis of environmental 
pollutants [1-2], flavors [3-5], food [6-8], pharmaceutical [9], biological [10], 
toxicological [11], and forensic samples [12], etc.  
 In LLE, hydrophobic analytes are extracted from aqueous samples into organic 
solvent. Various volatile organic solvents are used such as methylene chloride, ethyl 
acetate, diethyl ether, etc. For an analyte i , the extraction process can be expressed by 
the following equation:  
                                             os ii «  
where s  represents the sample and o represents the organic solvent. When 
equilibrium is attained, the partition coefficient ( K ) in the two phases can be 
described as  





CK =     
where oiC  and 
s
iC are the concentrations of the analyte in the organic solvent and 
aqueous sample, respectively.  
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The extraction efficiency ( fE ), defined as the ratio of extracted amount of the 
analyte to the initial amount of the analyte in the aqueous sample. It is in relation with 
the partition coefficient ( K ) and the organic solvent volume ( oV ) 











where  sV  is the volume of the aqueous phase. From this equation, it can be seen 
that high extraction efficiency may be obtained by using large amount of organic 
solvent relative to the aqueous solution. After extraction, the extractant is usually 
evaporated to dryness and some small volume of proper solvent is added to dissolve it 
before instrumental analysis. However, from a practical point of view, LLE is time-
consuming and requires large amounts of high-purity organic solvents that are 
potentially toxic.     
      To address the problems such as large solvent consumption, labour-intensive 
operations and cost, miniaturisation has developed very rapidly in terms of its 
technology and applications in the past decade. Liu and Dasgupta [13] were the first 
to report a novel drop-in-drop system where a microdrop of a water-immiscible 
organic solvent, suspended in a larger aqueous solution, extracted sodium 
dodecylsulphate ion pairs. Almost at the same time, Jeannot and Cantwell [14] 
developed a new solvent microextraction technique by which analytes were extracted 
into a single drop. He and Lee [15] introduced the term liquid phase microextraction 
(LPME) for a technique similar in approach to Jeannot and Cantwell’s. Two different 
modes of LPME were investigated by the extraction of chlorobenzenes in water. The 
first one, called static LPME, consisted of a 1-µl drop suspended at the tip of a 
microsyringe needle immersed in an unstirred aqueous solution. In the second one, 
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called dynamic LPME [15], the extraction is performed by agitating the sample and 
solvent in the microsyringe barrel, by manipulating the plunger in and out of the 
barrel. A fresh aliquot of sample solution is brought into the barrel after each 
extraction cycle (characterized by one plunger movement cycle). 
      In this chapter, a new and simple solvent microextraction method termed solvent 
bar microextraction (SBME) was developed. In comparison with stir bar sorptive 
extraction, the procedure is very easy to operate and no extra desorption unit is 
needed. In SBME, the organic solvent is held within a hollow fiber with its two ends 
carefully sealed. The solvent “bar” is then placed in the aqueous solution for 
extraction. During stirring, the solvent bar tumbles freely in the aqueous solution. As 
compared with single-drop microextraction and LPME/HF, higher enrichment factors 
can be achieved. We also compared this method with direct SPME in a slurry sample. 
The results show that this technique is inexpensive, stable, reproducible and efficient. 
 
3.2 Experimental Section 
3.2.1 Apparatus and GC separation condition 
      The same GC system described in section 2 was used. The GC conditions were set 
as follows: injector temperature, 250 oC; initial oven temperature, 150 oC for 2 min, 
programmed to 290 oC at 10 oC/min, then maintained at 290 oC for 4 min; detector 
temperature, 300 oC. All the injections were made in the splitless mode. 
A microsyringe (10 µL) with a cone needle tip (SGE, Sydney, Australia) was used for 
filling the hollow fiber with organic solvent. Another 10-mL microsyringe (Part No. 
AS0-0100, Hamilton, NV, USA) with an angle-cut needle tip was used for drawing 
out the organic solvent from the hollow fiber after extraction and for GC injection. 
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3.2.2 Chemicals and Materials 
      The samples of the pentachlorobenzene (PCB) and hexachlorobenzene (HCB) 
were used as described previously. 1-octanol was purchased from Merck (Darmstadt, 
Germany). Ultrapure water was prepared with Mill-Q water purification system 
mentioned previously. Stock solutions (0.1 mg/mL PCB and HCB) were prepared in 
methanol.  
      The Q3/2 Accurel polypropylene hollow fiber was bought from Membrana GmbH 
(Wuppertal, Germany). The inner diameter of the hollow fiber was 600 µm, the 
thickness of the wall was 200 µm, and the wall pore size was 0.2 µm. 
      The SPME fiber (PDMS, 100 mm thickness) and holder used were purchased from 
Supelco (Bellefonte, PA, USA). 
 
3.2.3 Solvent Bar Microextraction 
 The experimental setup of SBME is illustrated in Figure 3-1. Briefly, extractions 
were carried out as follows: the hollow fiber was cut manually and carefully into 2.0-
cm lengths. These segments were ultrasonically cleaned in acetone and dried in air 
before use. One end of the hollow fiber was sealed by flame. An 8-mL aliquot of 1-
octanol was withdrawn into the microsyringe with a cone needle tip. The needle tip 
was inserted into the hollow fiber and the organic solvent was introduced into the 
fiber. The fiber was immersed in the organic solvent for 20 s for impregnation of the 
porous wall. After impregnation, one end of the hollow fiber was clamped with a pair 
of sharp pliers. Another pair of flat-tip pliers was heated for a short time with a flame 
(The hollow fiber should not be brought close to the flame because this will burn off 
the organic solvent). Then the open end of the hollow fiber was sealed with the pair of 
hot pliers. The formed “solvent bar” was then placed in aqueous solution. The volume 
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of the aqueous solution was 10 mL in a 12-mL vial. At the same time, the magnetic 
stirrer was switched on (700 revolutions/min (rpm)) to begin the extraction. After 10-
min extraction, the solvent bar was taken out. One end of the hollow fiber was 
trimmed off, and a 1-mL aliquot of the analyte-enriched solvent was withdrawn with 
the syringe with a angle-cut needle tip. Finally, the extractant was injected into the 
GC for analysis. The used fiber was discarded and a fresh one was used for the next 
experiment. 
 
   
                Figure 3-1 Setup of solvent bar microextraction system 
 
 
3.2.4 Single-drop Microextraction      
 A 10-mL microsyringe (Hamilton, NV, USA) with an angle-cut needle tip was 
used for extraction and GC injection. Figure 3-2 shows the schematic diagram of the 
single-drop microextraction device.  Briefly, the extraction procedure was as follows: 
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(1) withdraw 1 mL 1-octanol into the 10-mL microsyringe; (2) pass the microsyringe 
needle through the sample vial septum, and immerse the tip of the needle in the 
aqueous sample; (3) depress the plunger to expose a 1-mL drop of 1-octanol to the 
sample; (4) after 10 min, retract the drop of 1-octanol into the microsyringe barrel and 
remove the syringe from the sample vial; (5) insert the needle into the GC injection 
port and inject the extract for analysis. 
 
 Figure 3-2   Schematic diagram of the single-drop microextraction device 
 
 
3.2.5 Static LPME/HF 
Hollow fiber-protected liquid phase microextraction was carried out as previously 
described.10 The schematic diagram is illustrated in Figure 3-3. Briefly, the hollow 
fiber was cut manually and carefully into 2.0-cm lengths. These segments were 
ultrasonically cleaned in acetone and dried in air. 8 mL of 1-octanol was withdrawn 
into the microsyringe. The needle of the syringe was inserted into a hollow fiber 
segment, and the solvent was injected so that the channel (lumen) of the fiber was 
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filled. The hollow fiber was then immersed into 1-octanol for 20 s for further 
impregnation of its wall. The hollow fiber was removed from the solvent and 
immersed in the aqueous sample for extraction. The syringe barrel was fixed on the 
retort stand. After 10-min extraction, the solvent in the fiber was retracted into the 
syringe and hollow fiber discarded. A 1-mL aliquot of extractant was injected into the 
GC system for analysis.  
 
   Figure 3-3  Schematic diagram of static LPME/HF 
               
3.2.6 Solid Phase Microextraction 
  The SPME experiments were performed using a manual SPME device with a 100 -
mm PDMS-coated fiber. The fiber was conditioned at 250 oC for one hour. A 12-ml 
vial was filled with 10 mL slurry sample. The solution was extracted for 10 min with 
direct-immersion SPME at a stirring rate of 700 rpm. After extraction, thermal 
desorption was performed in the GC injector at 250 oC for 3 min.  
 
3.3 Results and Discussion 
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3.3.1 Theory of Solvent Bar Microextraction    
      Static liquid phase microextraction in a single drop of organic solvent by using a 
conventional microsyringe provides a simple, inexpensive, fast and effective 
procedure and is a solvent-minimised sample pretreatment technique. However, some 
practical considerations limit its applications. These problems are related to the 
stability of the solvent drop. The reason is due to some factors that are useful for 
increasing extraction efficiency, such as higher stirring speed, temperature, and 
exposure time. Although agitation (stirring) of the sample can enhance the extraction 
and reduce the time to thermodynamic equilibrium, higher agitation speed may result 
in drop dislodgement and solvent loss, especially over long extraction time. In 
addition, for slurry samples, such as soil or even turbid wastewater, the solvent drop 
stability is compromised because of the solid particles in such samples. 
 In the proposed SBME approach, the organic solvent is “sandwiched” in the 
hollow fiber. This makes the extraction medium more stable and endurable during 
sample stirring. In addition, the column-like configuration increases the solvent 
surface area since the ratio of surface area to volume is larger than that in a spherical 
drop. Both the movement of the solution and solvent bar will contribute to further 
improvement in mass transfer from the sample to the organic solvent. To describe the 
detailed mechanism for SBME, the well-known Whitman two-film model is cited.  
The two-film theory proposed by Whitman involves two postulates: (1) steady-
state diffusion by molecular diffusion is across two stagnant films on each side of the 
interface; (2) the phases are in equilibrium at the interface. The concentration profile 
of analyte at interface on basis of two-film theory is shown in Figure 3-5. 
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      The concentration of analyte in the organic phase may be somewhat lower than 
that at equilibrium. The time dependence of the concentration in the organic phase can 
be described by the following expression, 
                                    )1(,00
kt
eq eCC
--=                                                                   (1) 
where oC  is the concentration of analyte in the organic phase at time t, eqoC ,  is the 
analyte concentration at equilibrium, and k is the rate constant (S-1). The latter is 
described by [16]    









Ak b                                                               (2) 
where iA is the interfacial area, Tb  is the overall mass transfer coefficient with respect 
to the organic phase. K is the distribution coefficient, oV is the organic volume and 
aqV  is the aqueous volume. 
 
 
Figure 3-5.  Concentration profile at the interface on the basis of the Whitman two-
film theory. 
 61 
 It is obvious that fast extraction requires the ratio of iA to oV , and Tb to be 
maximized.  In comparison with single-drop microextraction, the rodlike 
configuration of the solvent bar increases the ratio of surface area to volume since for 
the same volume the surface area of a sphere is the smallest [17]. 
 Furthermore, supposing the rapid mass transfer across the liquid-liquid interface, 
the mass transfer coefficient can be expressed as [16] 





11                                                                      (3) 
where Tb  is the overall mass transfer coefficient; ob  and aqb  are the mass transfer 
coefficients for the organic phase in the solvent bar and aqueous phase in the solution. 
For the PCB and HCB, their distribution coefficients K are 105.17 and 105.73, 
respectively [18].  
      In addition, the mass transfer coefficient is related to the diffusion coefficient of 
the analyte D  and the film thicknessd  in the corresponding phase. 












b =                                                            (4) 
      According to the Whitman film theory, the mass transfer coefficient increase ( b ) 
with increasing stirring speed (S) is due to the fact that stirring decreases the film 
thicknessd .   
 Jeannot and Cantwell [14] indicated that the relationship between mass transfer 
coefficient b  and stirring rate S could be described by an expression of the following 
form [19] 
                               SpM logloglog +=b                                                          (5) 
where Mlog is the intercept of this equation, p is a value [14] between 0.5 and 1. 
From the above equation, 0log b  is proportional to Slog . In the SBME technique, 
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besides the movement of the solution, the solvent bar also moves with the force of 
agitating the solution by the stirring bar. So both ob  and aqb  increase. Thus, 
according to equation (3), Tb  will be enhanced with the increase of both ob  and aqb . 
According to the equation (2), k  is proportional to Tb . Thus, extraction efficiency is 
further increased as compared with single-drop LPME and LPME/HF. 
 From the above considerations, it can be expected that SBME should be fast and 
have higher extraction efficiency than those of single-drop LPME and LPME/HF. In 
addition, the hollow fiber membrane, which is made from polypropylene, is 
compatible with a large number of organic solvents and undergoes no degradation 
after impregnation. Each hollow fiber membrane is used once only to obviate any 
possible carry-over effects. 
 
3.3.2 Characteristics of Hollow Fiber  
 The SEM photographs of the inner and outer surfaces of the hol low fiber are 
shown in Figure 3-6(a-c). As seen in these photographs, the microporous structure of 
the hollow fiber is highly asymmetrical. The asymmetric structure membrane 
contributes to the reduction of diffusional resistance, facilitating mass transfer and 
maintaining mechanical strength without losing high membrane selectivity. 
 
3.3.3 Selection of Organic Solvent  
It is essential to choose a suitable organic solvent used for SBME. The solvent 
should be confined within the hollow fiber. In addition, it can withstand high stirring 
speed. The following factors should be considered. Since the hollow fiber is made 
from polypropylene and is hydrophobic, most organic solvents should have good 
affinity with it. However, the solvent should have very low solubility in water so as to 
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avoid dissolution in the water sample. Furthermore, the organic solvent should have 
low vapor pressure to prevent loss during agitation. On these considerations, for 
example, acetone is not suitable, because its vapor pressure is 23.3 kPa (at 20 oC), and 
it is too volatile as well as being miscible with water. Finally, the solvent should be 
suitable for direct GC analysis. On the basis of these considerations as well as 
previous work by ourselves and other workers, 1-octanol, which is immiscible with 




         
          Figure 3-6a  Outer surface of the hollow fiber magnified by 50X, 
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Figure 3-6c  Inner surface of the hollow fiber magnified by 2000X 
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3.3.4 Organic Solvent Volume 
 The organic solvent volume is proportional to the length of the hollow fiber. The 
inner channel volume V of the hollow fiber can be calculated from .2 LrV p=  r and 
L are the inner radius and length of the hollow fiber, respectively. Thus, the organic 
solvent volume in the channel can be adjusted by changing the effective length of the 
solvent bar. The organic solvent volume for extraction was investigated in the range 
of 1.5 – 4 mL. Table 3-1 shows that the analytical signal increases with the solvent 
volume inside the channel in the range of 1.5 – 4 mL. Although bigger organic solvent 
volume gives higher analytical signal response, the length of  the  solvent  bar   would 
 
Table 3-1 Comparison of Extraction Efficiencies of Solvent Bar Microextraction at 
Various Organic Solvent Volumesa 
 
 
                                          Relative response at various organic solvent volumes 
 
             
Compound                         1.5 mL               2 mL                 3 mL                4 mL            
 
PCB 1.00  1.36 1.97                  2.46 
 
HCB 1.00    1.28 1.86                  2.29 
 
 
a Relative response was employed to evaluate the SBME performance at various 
organic solvent volumes. It was defined as the GC signal ratio of the extractant at 
various organic solvent volumes to those at 1.5 mL. Conditions: concentration, 20 
mg/L of PCB and HCB; extraction time, 10 min; stirring speed, 700 rpm. 
 
have to be extended. A longer hollow fiber solvent bar would cause its tumbling to be 
more erratic and unreliable. A shorter hollow fiber would make it more difficult to 
handle. Furthermore, since the typical GC injection volume was 1 mL, it was 
unnecessary to use a large volume. On the basis of these considerations, we selected 
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2-cm hollow fiber whose effective length was about 1.5 cm after being sealed. The 
volume of the organic solvent inside the channel was about 3 mL.  
 
3.3.5 Effect of Stirring Speed.   
As with other LPME, the extraction in SBME can be enhanced by stirring of the 
sample solution, thereby reducing the time to achieve thermodynamic equilibrium. 
For single-drop LPME, in which the microdrop was directly exposed to the aqueous 
solution, higher stirring speed would result in dislodgement, especially over a 
prolonged extraction time. The stability of the drop at the tip of the microsyringe was 
impacted by three forces [15]. In our experiments, for example, when the stirring 
speed was set at 700 rpm, the drop was always dislodged. At a stirring speed of 600 
rpm, more than 50% of the extraction failed due to loss of the solvent drop. Thus a 
stirring speed 400 rpm was chosen as an optimum speed for single-drop LPME, and 
used for the purpose of comparing with SBME. In SBME, the organic solvent is 
sealed and protected by the hydrophobic hollow fiber membrane, so it is easier to 
handle and can withstand higher stirring speed. As seen from Figure 3-7, partitioning 
of the analytes into the organic solvent was enhanced with the increase of the stirring 
speed. However, since the solvent bar also moved around and underwent tumbling in 
the aqueous solution, it is conceivable that too high a speed would lead to some 
solvent loss and produce air bubbles that will affect repeatability and precision. 
Therefore, we chose 700 rpm as a suitable stirring speed for SBME on the basis of the 
above consideration.  
LPME/HF, since the organic solvent was protected by the hollow fiber, can 
tolerate higher stirring speed. However, too high a stirring speed would cause 
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excessive air bubbles that could adhere to the hollow fiber membrane surface.11 For 




Figure 3-7 Effect of stirring speed on extraction efficiency of solvent bar 




3.3.6 Enrichment-Factor Comparison of Single-drop LPME, LPME/HF and 
SBME.     
      The enrichment factor, defined as the ratio of GC signals (equal to the ratio of 
concentrations) after and before microextraction, was used to evaluate the efficiency 
of extraction. In this case, we compared SBME with single-drop LPME and 
LPME/HF with and without stirring. The data are shown in Table 3-2. Without 
stirring, there is no apparent difference in extraction efficiency among the three 


















contrary, under stirring, the enrichment achievable by SBME (70- to 110-fold) was 
much higher than those of single-drop LPME and LPME/HF (33- to 46-fold). Even 
for LPME/HF with stirring at high speed, the extraction efficiency was much lower 
than that of SBME. Furthermore, for LPME/HF with stirring speed at 700 rpm, the 
same stirring speed as used in SBME, the enrichment of the latter was much higher. 
The only difference between LPME/HF and SBME is that the hollow fiber in SBME 
moves with the agitation of the aqueous solution while the hollow fiber membrane in 
the former method was static. The explanation for the observation of the difference is 
that the movement of the solvent bar greatly increases the mass transfer between 
organic phase in the solvent bar and aqueous phase in the solution. 
 
Table 3-2 Comparison of Extraction Efficiencies of Solvent Bar Microextraction, 




                   Enrichment factor 
 












No stirring   Stirring       No stirring    Stirring     No stirring   Stirring 
(400 rpm)                        (400 rpm)                   (400 rpm) 
 
8.2 41.2   8.0 45.9 8.1         110.4  
 
5.2               33.1   5.2 34.0 5.3           72.4 
 
 
a The organic solvent drop was unstable at higher stirring speed (> 400 rpm).  


















b = ; for single-drop LPME and LPME/HF, with the increase of 
stirring speed, only aqb  increase with the decrease of the diffusion film aqd  in the 
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aqueous phase.  However, for SBME, both the agitation of the aqueous solution and 
solvent bar can decrease the thickness of diffusion film aqd  in the aqueous phase and 
diffusion film od  of the organic phase in the solvent bar.  As a consequence, in SBME, 
agitation should produce higher extraction efficiency in comparison with single-drop 
LPME and LPME/HF. Our results supported this explanation.  
 
 
3.3.7 Extraction Time Profile   
       A series of exposure times was investigated by extracting aqueous solution 
containing 20 mg/L of each analyte at 700-rpm stirring speed. Figure 3-8 shows that 
the analytical signals increase quickly within 30 min of extraction time. After 30 min, 
the plots flatten out. SBME is a process dependent on equilibrium, rather than 
exhaustive extraction. Generally, the equilibrium time is selected as extraction time. 
However, it is usually not practicable to prolong an extraction for equilibrium to be 
established. This is because the longer the extraction, the greater the potential of 
solvent loss due to dissolution in the sample solution. Additionally, there are obvious 
benefits in conducting more time-efficient extraction. Thus, achieving equilibrium is 
not necessary as long as extraction conditions are kept constant for every sample. 
Furthermore, in this work, the volume inside the channel of the hollow fiber was 
about 4 mL (excluding the wall volume of the hollow fiber). After 10-min extraction, 
more than 2 mL extractant could be drawn into the microsyringe (the injection volume 
was 1 mL). As a consequence, taking the analysis time, solvent loss, high sensitivity 
of GC-ECD and high extraction efficiency of this technique into account, an 
extraction time of 10 min was deemed to be sufficient for subsequent experiments. 
 
 70 
3.3.8 Reproducibility.  
The reproducibility of the peak areas was studied for six replicate experiments for 
an aqueous sample containing 20 mg/L of PCB and HCB. The relative standard 
deviations (RSD) for PCB and HCB were 3.2% and 3.70%, respectively. In contrast, 
according to the literature, the RSD values of LPME and SPME were usually 6% or 
even higher. It is possible that the low RSD values may be due to the stability of the 
organic solvent in the hollow fiber. Moreover, the effect of the matrix on the 
extraction was eliminated with protection afforded by the two sealed ends of the 





















Figure 3-8. Extraction-time profile for PCB and HCB in aqueous by SBME. 
Concentration, 20 mg/mL of each compound. Stirring speed, 700 rpm. 
 
 
3.3.9 Linearity and Limits of Detection.  
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     The linearity of SBME calibration plots was investigated over a concentration 
range of 0.5-50 mg/L. Both PCB and HCB exhibited good linearities with very good 
squared regression coefficients: 0.9999 for PCB and 0.9996 for HCB. This allowed 
the quantification of the compounds by the method of external standardization. The 
limits of detection (LODs) for the two compounds, which were calculated at S/N=3 
under GC-ECD conditions, were 0.026 mg/L for PCB and 0.036 mg/L for HCB. 
 
3.3.10 Analysis of Slurry Sample.  
The SBME of slurry samples (20 mg of soil/mL of water) were investigated. 
SPME was also employed to provide comparison in terms of precision and LODs. In 
addition, single-drop microextraction was also attempted; however, the organic 
solvent drop could not be stably maintained at the syringe needle tip due to the solid 
soil particles in the slurry sample. Thus, no extraction was possible. For the slurry 
sample, as shown in Table 3-3, SBME showed much better precision than SPME: 
RSDS of 5.30% for PCB and 2.60% for HCB as compared with 22.15% for PCB and 
19.84% for HCB. The poorer RSDs were most likely due to adsorption of solid 
particles and possibly salt in the slurry sample on the SPME fiber. This contaminated 
the fiber  and made it more fragile, causing its behaviour to be more unpredictable.   
 
Table 3-3 Extraction of PCB and HCB from slurry sample by SBME and SPME (n=5)  
       
 
                                 SBME (10 min)                              SPME (10min) 
 
Compound  Mean value   RSDs     LOD            Mean value     RSDs          LOD                      
                        (n=5)           (%)      (mg/L)             (n=5)       (%)            (mg/L) 
 
    PCB       3136639          5.30          0.028          9713126         22.15        0.032 
 
    HCB       1885763          2.60          0.036       6256496        19.84         0.045 
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Normally, when SPME is used to extract analytes in complex matrices, such as soil, 
food, biological fluids, etc., sample pretreatment is needed to prevent fouling and 
possible breakage of the fiber. There are approaches to minimize or eliminate those 
problems such as headspace SPME [20] and membrane-protected SPME [21]. 
However, headspace SPME is more suitable for volatile and semivolatile compounds, 
and membrane-protected SPME has not been widely used. From the results reported 

















3.4 Concluding Remarks  
    In this chapter, a new, simple and sensitive mode of liquid phase microextraction 
referred to as solvent bar microextraction (SBME) has been developed. The organic 
solvent was sealed within a hollow fiber and allowed to tumble freely in the sample 
solution during extraction. Compared with single-drop microextraction and hollow 
fiber-protected liquid-phase microextraction, higher enrichment factors were obtained 
with SBME. Good linearity (r2=0.9999 for PCB and r2=0.9996 for HCB) and 
repeatability (RSD < 4%) were achieved. In addition, due to the selectivity and 
protection of the hollow fiber, SBME could be used to extract analytes from slurry 
samples. In a comparison between SBME and direct SPME, the RSDs of the new 
technique were much better for slurry samples. Future investigations will be focused 


























3.5 References    
 
[1] B. Chauhan, S. Rani, S. Guttikar, A. Zope, N. Jadon, H. Padh, J. Chromatogr.  
     B, 823 (2005) 69.  
[2] A. Filipkowska, L. Lubecki, G. Kowalewska, Anal. Chim. Acta, 547 (2005) 243. 
[3] S. M. Wu, H. Zorn, U. Krings, R. G. Berger, J. Agric. Food Chem., 53 (2005)  
      4524.    
[4] M. H. Ka, E. H. Choi, H. S. Chun, K. G. Lee, J. Agric. Food Chem., 53 (2005)  
      4124.  
[5]   J. S. Camara, J. C. Marques, M. A. Alves, A. C. S. Ferreira,   J. Agric. Food  
       Chem., 52 (2004) 6765.  
 [6] P. Pihlsgard, A. Leufven, H. Lingnert, J. Agric. Food Chem.  49 (8) (2001)   
      3875.  
[7] H. J. Stan, J. Chromatogr. A, 892 (2000) 347.  
[8] B. Siegmund, K. Derler, W. Pfannhauser, J. Agric. Food Chem, 49 (2001) 3244.      
[9] N. V. S Ramakrishna, K. N. Vishwottam, S. Wishu, M. Koteshwara,    
      J. Chromatogr. B, 802 (2004) 271.  
 [10] M. Matsuoka, T. Maki, K. Banno, T. Sato, J. Chromatogr. B, 685 (1996) 273. 
 [11] S. Liu, J. D.  Pleil, J. Chromatogr. B, 728 (1999) 193.  
 [12] J. Gerlits, J. Forensic Sci., 38 (1993) 1210.  
 [13] H. H. Liu, P. K. Dasgupta, Anal. Chem. 68 (1996) 1817. 
 [14] M. A. Jeannot, F. F. Cantwell, Anal. Chem. 68 (1996) 2236. 
 [15] Y. He, H. K. Lee, Anal. Chem. 69 (1997) 4634.  
 [16] M. A. Jeannot, F. F. Cantwell, Anal. Chem. 69 (1997) 235.       
 [17] G. Shen, H. K. Lee, Anal. Chem., 74 (2002) 648. 
 [18] P. H. Howard, W. M. Meylan, Handbook of Physical Properties of Organic    
 75 
       Chemicals; Lewis Publishers: Boca Raton, FL, USA, (1997). 
 [19] P. R. Danesi, R. Chiarizia, CRC Crit. Rev. Anal. Chem. 10 (1980) 1. 
 [20] M. Abalos, J. M. Bayona, J. Pawliszyn, J. Chromatogr. A, 873 (2000)107. 
















































Application of Solvent Bar Microextraction 
                     Combined with GC-MS to the Determination  
                     of Polycyclic Aromatic Hydrocarbons in  
                     Aqueous Sample  
 
4.1 Introduction 
In chapter 3, a new microextraction technique ¾ solvent bar microextraction 
(SBME) was developed and was shown to be a good alternative to single-drop ME 
and LPME/HF. In this chapter, the application of SBME to the analysis of polycyclic 
aromatic hydrocarbons (PAHs) in an aqueous sample is reported. These compounds 
have caused a rising environmental concern because they are toxic, persistent in water, 
soil and organisms. In 2001, The USEPA ranks PAHs as significant potential threats 
to human health [1]. Some PAHs have carcinogenic and mutagenic properties and 
their wide distribution in the environment have serious health risks to all living 
organisms [2-7]. Because of these, it is imperative to develop suitable analytical 
methods to assess and monitor the wide distribution of trace levels of these 
compounds.  
Conventional sample pretreatment of PAH compounds from aqueous solution 
includes LLE and SPE. However, LLE requires large amount of organic solvent and 
is time-consuming. SPE can use much less organic solvent but the cost is relatively 
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expensive. Furthermore, these methods often require evaporation of the original 
extract after extraction. The evaporation (and in some cases, reconstitution of the 
extract) may cause the loss of analytes. 
      SPME has been widely used to analyze a wide range of low polarity semi-volatile 
organic compounds such as polychlorinated biphenyls (PCBs) [8-11], chlorinated 
herbicides [12,13], and also polycyclic aromatic hydrocarbons (PAHs) [14-17], etc. 
Although this technique is a solventless process as mentioned previously, there are 
some drawbacks such as the coating fiber is fragile and relatively expensive, etc. In 
addition, the extraction is strongly influenced and the fiber may be contaminated 
when sampling complex liquid matrices such as slurry samples. 
      The new technique called stir bar sorptive extraction (SBSE) [18], using a stir bar 
with a length of 10 or 40 mm coated with 55- or 219-µl polydimethylsiloxane (PDMS) 
for extraction, was described previously. Due to a larger amount of PDMS available 
for extraction, relative to a SPME fiber, SBSE provides for a higher recovery of 
analytes and can thus achieve much lower LODs. The drawbacks of this method are 
that it needs a special and complex desorption unit for the stirring bar as well as much 
longer extraction time. It has been reported that for the determination of PAHs it 
required an extraction time of 210 min (3.5 h). In contrast, SBME has been 
demonstrated earlier to be easy to operate and no extra desorption unit is needed. The 
technique as applied to the determination of PAHs is described in this chapter. 
Different factors influencing the extraction efficiency were investigated. In addition•
application to real drinking water samples was also performed. 
             
4.2 Experimental Section 
 
4.2.1 Chemicals and Materials 
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 Six model PAHs (Acenaphthene (Ace), Fluorene (Flu), Phenanthrene (Phe), 
Anthracene (Anthr), Fluoranthene (Fluo) and Pyrene(Pyr)) (Figure 4-1) were 
purchased from Supelco. HPLC-grade methanol and methylene chloride were bought 
from J.T. Baker. 1-octanol (> 99.5%) was obtained from Merck. Ultrapure water was 
provided by a Milli-Q water purification system. 
 The stock standard solutions were prepared in methanol and methylene chloride 
(1:1) with 100 mg/mL of each PAH compound separately. They were stored at –10 oC. 
Working solutions were prepared by dilution of stock standards with ultrapure water. 
These solutions were stored in the dark at 4 oC and were prepared weekly. 
 
4.2.2 Instrumentation 
  Chromatographic analysis was performed on a Hewlett -Packard series 6890 GC 
equipped with a HP5973 mass selective detector. The GC was fitted with ZB-1 
column (30 m, 0.25mm ID, 0.25 µm) from Phenomenex (Torrance, CA, USA). 
Helium was used as carrier gas with a flow rate of 1.8 mL/min. The GC conditions 
were as follows: initial oven temperature 150 oC for 1 min, increased to 300 oC at the 
rate of 10 oC/min, then held at 300 oC for 2 min; injector temperature 280 oC; The 
total time for one GC/MS run was 18 min. All injections were made in splitless mode. 
The detector was scanned over the range m/z 50-550 to confirm the retention times of 
the analytes. For determination of the PAHs, selected ion monitoring mode was 
performed.  The target ions used were the PAHs molecular ions. The interface 











 Figure 4-1 Structures of the six PAHs considered in this work 
 
4.3 Results and Discussion 
4.3.1. Mechanism of SBME 
 The setup of SBME is shown in previous chapter (Figure 3-1). The mechanism of 
SBME has already been discussed in Chapter 3.  
 
4.3.2 Extraction Time   
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 The extraction time (in the range of 1 - 35 min) was investigated by extracting 
aqueous solution containing a mixture of 50ng/mL of each PAH. Figure 4-2 shows 
that the amount extracted increased quickly until 30min. After 30min, the plots flatten 
out. The extraction kinetics of SBME are similar to those generally observed for 
SPME. The amount of analyte extracted at a given time is subject to mass transfer of 
analyte from the aqueous phase to the organic solvent phase. This process is 
dependent on equilibrium rather than exhaustive extraction. Normally, it longer than 
30 min for equilibrium to be established. However, it is impracticable to maintain 



























Figure 4-2  SBME time profile for six PAHs in an aqueous sample. Concentration:  
 50 mg/L of each compound. 
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  In addition, solvent depletion must be considered in choosing extraction time 
because of the rapid tumbling movement of the solvent bar in the aqueous solution.  
Thus, from practical consideration, 15 min was chosen in further study. As long as all 
experimental conditions were kept constant, accurate quantitation analysis would not 
be compromised. 
 
4.3.3. Stirring Speed 
  As with other LPME techniques, SBME can be enhanced by agitation of the 
sample solution; stirring can also reduce the time to achieve thermodynamic 
equilibrium. In SBME, the organic solvent was sealed and protected by the 
hydrophobic hollow fiber, so it is easier to handle and can withstand higher agitation 

























Figure 4-3. Effect of stirring speed on SBME efficiency. Concentration: 50 ng/mL  
 for each compound. Extraction time: 20 min. 
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into the organic solvent. With the increase of stirring speed, the amount extracted 
would be expected to be enhanced. 
  However, since the solvent bar also moved around and underwent tumbling in the 
aqueous solution, too high a speed would lead to some solvent loss and produce air 
bubbles that affected the repeatability and precision as described in Chapter 3. 
Therefore, 700 rpm was selected as the speed on the basis of the above consideration 
 
4.3.4. Salt Effect on SBME  
  The addition of salt has been widely used in conventional LLE and SPME. 
Usually, salt decreases the solubility of the analytes in water and increases their 
partition on the organic solvent (LLE) or polymer (SPME) [20]. However, some 
contradictory results have been reported [21, 22]].  In our present study, the effect of 
salt was investigated by varying different amounts of sodium chloride between 10% 
and 30%. As shown in Figure 4-4, with the increase of sodium chloride concentration, 
the extraction efficiency decreased significantly.  Thus, the addition of sodium 
chloride has no benefit on the extraction. At this juncture, it is not known why this is 
so. In many case, no salt was added in further experiments in this work.   
 
4.3.5. Enrichment Factor Comparison of SBME and Static LPME/HF 
Optimal conditions such as extraction time, agitation, etc were employed to 
investigate enrichment factors for SBME and also for LPME/HF, and a comparison 
was made between the data for these two techniques. In this case, we compared it 
with LPME/HF. As shown in Figure 4-5, SBME provided much better extraction 
efficiency as compared to static LPME/HF; enrichment factor for SBME ranged from 
42 to 154 where for LPME/HF they were from 28 to 105.  
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4.3.6. Quantitative analyses     
      To investigate the linearity of SBME, 0.5-50 mg/L solutions of the PAHs were 
prepared in aqueous solution. Under the optimized conditions, repeatability, 
enrichment factor, and limits of detection were investigated. The performance of this 
method is shown in Table 4-1. 
The repeatability in peak areas was studied for six replicated experiments with 
PAH concentration of 50 mg/L of each sample. The relative standard deviations 
(RSDs) of all the analytes were below 8%. The square of coefficients of correlation 
(r2) ranged from 0.9981 to 0.9926. It should be noted that more than 50-fold 
enrichment of the PAHs was achieved, except for anthracene (>40-fold). Some 
analytes could be preconcentrated to more than 150-fold.  
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Figure 4-5 Comparison of enrichment factors between SBME and static LPME/HF. 
(*Experimental conditions: concentrations, 50 ng/mL for each compound; extraction 
time, 20 min; stirring speed, 700 rpm.) 
 
 
Table 4-1  Quantitative results of SBME 
      
                        RSD (%)     Enrichment factor       r2          LOD          Recovery (%) 
PAH                  (n=6)                  (-fold)                              (•g/l)    1 ng/mL     
10ng/mL 
 
Acenaphthene      5.1                   70                     0.9925      0.033      92.4         97.1 
Fluorene               3.4                 101                     0.9896      0.036      93.3         99.9 
Phenanthrene       4.4                  100                     0.9965      0.027     100.9       102.3 
Anthracene          6.9                    42                     0.9889     0.039        99.3        104.5 
Fluoranthene        5.9                   52                     0.9926      0.059       96.7        110.1 
Pyrene                  6.3                 154                     0.9881      0.062       91.8        108.3 
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    LODs, calculated based on the ratio of signal to noise (S/N) at 3, were in the 
range 0.033 to 0.062 •g/l. The detection limits achieved in this study were 
comparable to the detection limits reported by USEPA Method 8270 and published 
values using SPME. Thus, we obtained superior LODs for these model PAHs. In 
addition, in comparison with SPME, the possibility of carry-over in SBME is 
completely eliminated due to a fresh hollow fiber being used for each new extraction. 
 
4.3.7 Real drinking water analysis 
      To evaluate this SBME technique in the real world, drinking water reclaimed from 
domestic wastewater by the Public Utilities Board (PUB) of Singapore (that involves 
membrane microfiltration and reverse-osmosis) were extracted using the method 
developed and the extracts analyzed by GC-MS. Despite the low LODs of this method, 
no target analytes were detected. These results corroborate the PUB’s own results 
from its monitoring programme. The quality of this reclaimed water is better than 
conventional drinking water. The drinking water was spiked with standard PAHs at 1 
mg/L of each analyte. Figure 4-6 shows chromatograms for (a) an extract of real 
unspiked drinking water and (b) an extract of real drinking water spiked with 1 mg/L 
of each compound. Relative recovery is defined as the ratio of peak areas of spiked 
real drinking water extracts to the spiked ultrapure water extracts. Results of relative 
recoveries of water fortified at 1 ng/mL and 10 ng/mL, as shown in Table 4-1 were 










     
 
 




                                                  Figure 4-6 (b)                                 
 
 
Figure 4-6. GC/MS chromatograms obtained by SBME-GC-MS under SIM mode for 







4.4 Concluding Remarks 
    This chapter has demonstrated the successful application of solvent bar 
microextraction to the analysis of PAHs from aqueous samples. This method is 
precise, reproducible and requires only small volumes of organic solvent (less than 10 
•L) as extractant. In addition, due to the simplicity and low cost of the extraction 
device, the hollow fiber can be discarded after each extraction so that carryover and 
cross-contamination are avoided. From the results of our experiments, we have shown 
that SBME combined with GC/MS is an effective method for the qualitative and 
quantitative analysis of PAH compounds in aqueous samples.  
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Dynamic Hollow Fiber-Supported Headspace 
Liquid-Phase  Microextraction 
 
5.1 Introduction 
Headspace sampling analysis [1] has been widely applied to analyze volatile 
compounds and is eminently compatible with GC. Conventional headspace analysis 
includes static and dynamic headspace approaches. Static headspace [2] is the 
simplest and solvent-free sample preparation technique and it has been the primary 
tool for the analysis of flavor and fragrance for decades [3-5]. In addition, it also has 
been used for the analysis of residual solvents in pharmaceutical drug [6-9] and 
toxicological compounds [10] in blood, etc. However, this procedure has some major 
limitations: since the sample volume is limited, the vapor in the gas phase is usually 
small and it is difficult to detect low concentrations of analytes. For dynamic 
headspace, also termed purge and trap, the analyte is carried forward by flowing gas 
and can be concentrated using cold traps, solid adsorbents, etc. It is the method of 
choice for the analysis of extremely low concentrations of VOCs [11-13]. However, it 
requires specialized and expensive apparatus.  
      Recently, headspace solvent microextraction or headspace LPME has been shown 
be an inexpensive, convenient, and precise sample cleanup and preconcentration 
technique for trace levels of analytes. Theis et al [14] reported a procedure that 
involved hanging 1-mL drop of 1-octanol at the tip of a microsyringe for the 
headspace extraction of benzene, toluene, ethylbenzene and o-xylene. After extraction, 
analysis was done by GC or GC/MS. More recently, Shen and Lee [15] reported a 
headspace LPME technique in which an organic solvent film was formed in a 
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microsyringe barrel and used as the extraction interface. As compared with droplet 
solvent microextraction or conventional microdrop LPME, the selection of solvents in 
HS-LPME seems to be more flexible, since without any contact with the sample, the 
issue of possible solvent solubility in the sample does not arise.  
      However, there are some problems in the aforementioned techniques. For example, 
the surface area of the organic solvent is limited. For droplet HS-LPME, since there is 
no support for the organic solvent except for the tip of the microsyringe, the solvent 
volume cannot be too large; otherwise, the organic solvent will detach from the tip. In 
Shen and Lee’s approach, the extraction contact interface between the headspace 
inside the syringe channel and organic solvent film is limited. This limited interfacial 
contact area between sample and solvent of HS-LPME may be the reason that the 
extraction efficiency for this technique is not very high.  
To address the above-mentioned problems, in the present work, we developed a 
new approach to headspace analysis, that is, dynamic hollow fiber-supported 
headspace liquid-phase microextraction (DHF-HS-LPME) controlled by a 
programmable syringe pump. PAHs were selected as model compounds since as 
described previously, they are widespread environmental pollutants and several of 
them are carcinogenic and considered hazardous to health. The newly developed 
technique was used to evaluate and monitor trace levels of these compounds. In this 
technique, with the support of the hollow fiber, the surface area of the organic phase 
in contact with the headspace was increased dramatically. The results indicated that 
the procedure is an efficient, inexpensive, fast and convenient extraction technique to 
analyze PAHs in a complicated matrix such as soil. This work provides an alternative 
to the present headspace microextraction techniques such as HS-SPME and HS-
LPME.  
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5.2 Experimental Section  
5.2.1 Apparatus 
  Chromatographic analysis was performed on a Hewlett-Packard (Palo Alto, CA, 
USA) series 6890 gas chromatograph equipped with HP5973 mass selective detector. 
The GC was fitted with ZB-1 column (30 m, 0.25mm ID, 0.25 •m) from Phenomenex 
(Torrance, CA, USA). Helium was used as carrier gas with a flow rate of 1.8 mL/min. 
The gas chromatography conditions were as following: initial oven temperature 150 
oC for 1 min, increased to 300 oC at the rate of 10 oC/min, then held at 300 oC for 2 
min; injector temperature 280 oC; The total time for one GC/MS run was 18 min. All 
injections were used in splitless mode. The detector was scanned over the range m/z 
50-550 to confirm the retention times of the analytes. For determination of the PAHs, 
selected ion monitoring mode was performed. The characteristic fragment ions were 
monitored (See Table 5-1).  The interface temperature was set at 280 oC. 
 
Table 5-1  Elution order, compound, molecular weight and characteristic ions of the 
PAHs used for GC/MS analysis 
 
                                                                               Characteristic ions used in SIM 
No.      Compound             Molecular weight         mode for GC/MS analysis 
 
 1 Ace 154        154, 153 
 
 2 Flu 166        166, 165 
 
 3 Phe 178    178, 176 
 
 4 Ant 178    178, 176 
 
 5 Fluo 202    202, 200 
 




The same type of microsyringe with a cone needle tip, as described in Chapter 3, 
was used.  
 A NE-1000 Programmable Syringe Pump, purchased from New Era Pump 
Systems Inc. (Farmingdale, NY, USA), was used to automate and control the 
movement of the syringe plunger.  
 
5.2.2 Chemicals and Materials 
      Six model PAHs (acenaphthene, fluorene, phenanthrene, anthracene, fluoranthene 
and pyrene) were purchased from Supelco. HPLC-grade methanol and methylene 
chloride were bought from J.T. Baker. 1-Octanol (> 99% purity) was obtained from 
Merck. Ultrapure water was provided by the same water purification system as 
described in the Chapter 2. 
 Stock standard solutions (100 mg/mL of each PAH) were prepared in methanol : 
methylene chloride (1:1). They were stored at -10 oC. Working solutions were 
prepared by dilution of stock standards with ultrapure water. These solutions were 
stored in the dark at 4 oC and were prepared weekly. 
 
5.2.3 Preparation of Soil Sample 
     The PAH-free soil samples (blank soil sample was tested by DHF-HS-LPME 
before further experiment to ensure no PAH pollutants) were pulverized, air-dried and 
sieved to a grain size of 2 mm. 100 g of soil was mixed with acetone until the soil was 
covered by the solvent to form a slurry. A standard mixture solution at a concentration 
of 100 mg/mL of each analyte was then spiked into the slurry. The soil sample was 
dried and equilibrated overnight in a fume hood. The prepared sample was kept in the 
refrigerator at 4 oC for until analysis.  
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5.2.4 Dynamic Hollow Fiber-Supported Headspace Liquid-Phase 
         Microextraction (DHF-HS-LPME)  
 
The experimental setup of DHF-HS-LPME is illustrated in Figure 5-1. Briefly, 
headspace microextraction was carried out as follows: the hollow fiber was firstly 
pretreated as described in the Chapter 3. A 3.0-mL aliquot of 1-octanol was withdrawn 
into the microsyringe with a cone needle tip. A headspace sample vial septum cap was 
pierced by the microsyringe. The needle tip was inserted into the hollow fiber and 
then the fiber was immersed in organic solvent for 20 s for impregnation of the porous 
wall. After impregnation, the fiber together with the syringe was fixed on the retort 
stand. The sample vial was placed in position and capped such that the fiber-needle 
assembly was in the headspace region. Masking tape (Hi-Bond, Singapore) was used 
to wrap around the seal formed by the septum cap and the sample vial. Before 
extraction, the sample was preheated at 90 oC for 10 min, and then adjusted to 40 oC 
for the actual extraction. The syringe pump was switched on to start the extraction for 
a prescribed time.  The withdrawal of the plunger brought the headspace into direct 
contact with the organic phase, within the hollow fiber. After a dwelling time, the 
plunger pressed down. The next extraction cycle was repeated (See below). 
   The final movement of the plunger was to withdraw the extract into the syringe 
barrel. After extraction, the fiber-needle assembly was removed and the extract was 
then injected into the GC/MS for analysis. The used fiber was discarded and a fresh 




      Figure 5-1 Experimental setup of DHF-HS-LPME. 
 
5.3 Results and Discussion  
5.3.1 DHF-HS-LPME    
 DHF-HS-LPME consists of a three-phase system that includes the sample (soil) 
matrix (condensed phase)/headspace/hollow fiber-supported organic phase. There are 
two interfaces: the condensed phase/headspace, and the headspace/extracting organic 
solvent. For the hollow fiber-supported organic phase, when the syringe plunger was 
withdrawn, a thin organic solvent film (OSF) along the hollow fiber was formed, as 
previously described for HS-LPME [16]. This film greatly increased the contact area 
between the extracting organic phase and the headspace. This is due to the fact that 
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for the same volume the surface area of a tubular configuration is much larger than 
that of a sphere [15]. The PAHs in the vapor were partitioned between the OSF and 
the headspace. The OSF includes the outside and inside walls of the hollow fiber 
since it would be reasonable to assume that the solvent in the wall pores would also be 
in contact with the headspace outside the hollow fiber. When the plunger was 
depressed, the PAHs-enriched OSF was recombined with the bulk organic solvent that 
had been returned to the hollow fiber. The next extraction cycle was then repeated. 
Figure 5-2 shows the expanded view of the extraction process.  
 During the extraction, the amount of extracted analyte in DHF -HS-LPME is 
expressed by the following equation, which is analogous to the equation described for 
headspace SPME by Pawliszyn [17].  










where n is the amount of analyte extracted by organic solvent at equilibrium. 
hsosfK -  is equilibrium partition constants for the analyte between the OSF and the 
headspace and hsK is the headspace-sample matrix partition coefficient. ,oV  hV , and 
sV are the volumes of extracting organic solvent, headspace and sample matrix. oC is 
the initial concentration of the analyte in the sample. However, the above equation is 




 Figure 5-2 Expanded view of one extraction cycle of DHF-HS-LPME  
For HS-LPME, the extraction does not attain equilibrium. It is due to the fact that 
it is not practicable to maintain an extraction time long enough for equilibrium to be 
established. In addition, the problem of solvent depletion should also be considered. 
The longer the extraction, the more likely the solvent will be depleted. Thus, a 10-min 
extraction time was deemed to be sufficient for subsequent experiments. For non-
equilibrium, Ai [18] proposed a theoretical model to deal with the adsorption process 
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in SPME and indicated that the extracted amount of analytes showed excellent 
linearity with the initial concentration in the sample matrix within an extraction time 
which was much shorter than one that required to reach equilibrium. This model can 
also be used for headspace microdrop LPME [19] (where no hollow fiber is used).      
 
5.3.2 Selection of Organic Solvent for DHF-HS-LPME 
       It is essential to select a suitable organic solvent for DHF-HS-LPME. The 
following factors should be considered. Firstly, the solvent should be compatible with 
the hollow fiber. Secondly, the solvent should have a high boiling point and low vapor 
pressure so that it can stand under higher extraction temperature without apparent loss. 
Thirdly, according to the theory of “like attracts like”, the extraction organic solvent 
should have high affinity with the analytes in the sample. Finally, the solvent should 
be suitable for GC/MS analysis. Based on the above considerations and previously 
reported experience [14] with LPME, 1-octanol was chosen as the extraction solvent 
for subsequent experiments, since it has a high boiling point (180 oC) and low vapor 
pressure (0.03 kPa at 20 oC).  
 
5.3.3 Effect of Dwelling Time, Extraction Cycles and Extraction Time 
Dwelling time is defined as the time between the withdrawal and infusion of the 
organic solvent into the hollow fiber during the extraction cycle. The effect of the 
dwelling time was studied in the range of 2-10 s. For a certain extraction time, the 
plunger speed was set at its maximum speed (0.18 mL/min) and the dwelling time was 
varied. In addition, this dwelling time also represents the frequency of the plunger 
movement within a period of extraction time. As shown in Table 5-2, the extraction 
efficiency was optimum when the dwelling time was fixed at 5s. For DHF-HS-LPME, 
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during extraction, the diffusion coefficient in the gas phase is typically 104 times 
greater than in a condensed phase. The diffusion of analyte into 1-octanol is one of the 
slow steps in the overall mass transfer [14]. Therefore, the repeated plunger 
movement was beneficial to mass transfer during extraction. The dwelling time is an 
important factor for the repeated plunger movement: the shorter the dwelling time, the 
higher the frequency of the plunger movement. The higher frequency of the plunger 
movement will allow a greater number of extraction cycles. A previous study [20] 
indicated that peak area signals increased with the number of extraction cycles. 
However, too short a dwelling time could cause less contact time between the 
headspace gas phase and the organic solvent film inside the hollow fiber. Thus, 5 s 
was selected for subsequent experiments.  
 





                                                                           Dwelling time  
 
Compounds  2 s                 5 s               8 s                   10 s 
  Ace 100        120.9 117.8  116.3 
  Flu 100        115.8   97.6    65.8 
  Phe 100        117.2 105.5    98.2 
  Ant 100        196.8 187.9  163.4 
  Fluo 100         218.7 195.7  152.5 




For DHF-HS-LPME, the extraction does not attain equilibrium. It is due to the fact 
that it is not practicable to maintain an extraction time long enough for equilibrium to 
be established. In addition, the problem of solvent depletion should also be considered. 
The longer the extraction, the more likely the solvent will be depleted. Thus, a 10-min 
extraction time was deemed to be sufficient for subsequent experiments. 
 
5.3.4 Water Effect on DHF-HS-LPME 
The partitioning of VOCs between soil and headspace is usually very low. Thus, 
water is used to promote the release of volatiles and has been used in HS-SPME [21] 
and HS-LPME [15]. In our present study, the effect of water was investigated by 
varying the amount of water between 0.5 and 5 mL added to 1 gram of soil. As shown 
in Figure 5-3, without addition of water, the extraction response obtained was the 
lowest. With 0.5 mL water, the extraction efficiency improved significantly (up to 80 
times). The best results were obtained for most of the PAHs when 1 mL water was 
added. However, the responses obtained between 1 mL and 5 mL of water were not 
dramatically different. One interpretation of those results would be that the water 
molecules helped to dislodge the PAHs from the soil. The active sites in soil are 
usually polar functional groups, such as – Si-O-, which have more affinity for polar 
molecules such as water. Thus, the addition of water could displace some active sites 
that were occupied by PAH molecules which then partitioned into the headspace. This 
result is consistent with the observation in HS-SPME and HS-LPME that water 
addition decreased the solubility of the analytes in the soil slurry and facilitated their 
partition to the headspace [15, 21].  
 
5.3.5 Effect of Temperature on DHF-HS-LPME 
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      For headspace analysis of semi-VOCs, another important parameter is temperature. 
Temperature has a significant effect on both the kinetics and thermodynamics of the 
extraction process. Temperature affects the kinetics of sorption in the extracting 
organic solvent by determining the vapor pressures of analytes and diffusion 
coefficient values in the three phases [22]: sample matrix/headspace/hollow fiber-
supported organic phase. The effects of temperature are of two aspects: preheating 
temperature and extraction temperature. The extraction temperature was set at 40 oC. 
The preheating temperature was evaluated from 40 oC to 90 oC. As seen in Figure 5-4, 
for most volatile PAH compounds except acenaphthene, peak area responses at 40 oC 
were much lower than those at 90 oC.  This is most probably related to the higher 
molecular weight, PAHs being much less volatile and are thus more difficult released 
into the headspace. Thus, 90 oC was selected as the optimum preheating temperature. 
      For the extraction temperature, because the process of analyte absorption in the 
hollow fiber-supported organic solvent is exothermic, the amount of analytes 
partitioned increase when the extraction temperature is reduced. Nevertheless, too low 
an extraction temperature can decrease extraction rate, because for higher boiling 
compounds, the distribution constants between the headspace and sample matrix 
should be large enough to enable sufficient amount of analytes to be extracted [21]. 
However, when the extraction temperature was set at higher temperature (60 oC), 
there was difficulty in ensuring that the solvent remained intact for extraction to be 

























Figure 5-3 Effect of amount of water on DHF-HS-LPME efficiency.  Abbreviations: 
Ace: Acenaphthene; Flu: Fluorene; Phe: Phenanthrene; Anth: Anthracene; Fluo: 
Fluoranthene; Pyr: Pyrene. Extraction time: 10 min.  
 
                    
Figure 5-4  Effect of preheating temperature on DHF-HS-LPME 
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5.3.6 Salt effect on DHF-HS-LPME 
      The effect of the addition of sodium chloride to the samples was also investigated. 
The salt effect in SPME and LPME has been widely discussed, and there have been 
conflicting results [22]. It was reported that the salting-out effect was not apparent in 
SPME, while in LPME/HF this reduced extraction efficiency [16]. In our study, as 
shown in Figure 5-5, no increase in extraction was observed after the addition of the 
sodium chloride. On the contrary, the extraction efficiencies were highest without 
addition of the sodium chloride, and subsequently decreased as more was added. This 
is due to the fact that the addition of salt to aqueous sample is usually used to enhance 
the response of headspace analysis of polar compounds while for nonpolar or weakly 
polar compounds, this effect is not significant. The PAHs studied in this work have 
low polarity. Furthermore, it is possible that the addition of salt to the soil slurry does 
not facilitate the desorption of the PAHs from the soil particles. Notwithstanding this 
observation, this phenomenon merits further study.  
 
5.3.7 DHF-HS-LPME: Quantitative Analysis 
 The spiked soil sample after being prepared was employ ed to investigate the 
repeatability, linearity, the square of the correlation coefficient and limits of detection 
under the optimized extraction procedure. To determine the repeatability, six replicate 
experiments were carried out under the optimum conditions. The results are shown in 
Table 5-3. The relative standard deviations (RSDs) were from 5.4% to 14.6%.  
Calibration curves for the PAH compounds were obtained by plotting peak areas vs. 
the spiked soil sample concentration. The linearity of all the compounds was in the 
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  Figure 5-5 Effect of addition of sodium chloride on DHF-HS-LPME 
 
Table 5-3 Quantitative results of DHF-HS-LPME 
 
 Compound      Linearity          Square of the            Limits of detection      RSD (%) 
                         (mg/mL)       correlation coefficient        (mg/mL) 
 
    Ace               0.5-50        0.9972                0.047             6.30 
    Flu  0.5-50 0.9821    0.050    5.40 
    Phe 0.5-50 0.9653    0.0059    9.81 
    Anth 0.5-50   0.9980    0.0086    14.60 
    Fluo 0.5-50 0.9745                     0.073    6.60 
    Pyr 0.5-50 0.9874                      0.076    13.80 
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The limits of detection, defined at a signal-to-noise ratio of (S/N=3), ranged from 
0.0059 µg/g to 0.076 µg/g. Compared with the literature reported values for solvent 
microextraction (drop-based LPME) (LODs from 0.13 to 0.36 µg/g) [23], DHF-HS-





















5.4 Concluding Remarks  
      This chapter has demonstrated the successful application of dynamic hollow-fiber 
supported headspace liquid-phase microextraction (DHF-HS-LPME) to the analysis 
of semi-volatile compounds (PAHs) from soil. With a programmable syringe pump 
allowing an organic solvent film is formed within the hollow fiber and used as the 
extraction interface. Some factors, such as the addition of water, extraction 
temperature, addition of salt, extraction cycles and extraction time were investigated 
and optimized. The optimized procedures were used to extract semi-volatile PAHs 
from the soil.  
 DHF-HS-LPME provides an alterative to HS-LPME and HS-SPME. It allows the 
use of a relatively larger amount of organic solvent than drop-based HS-LPME. The 
extraction interface that facilitated more efficient mass transfer is increased by the 
supporting hollow fiber. Solvent loss is also insignificant because some of it is 
withdrawn into the syringe barrel with the automated movement of the plunger during 
extraction. Furthermore, In comparison with HS-SPME, this method is inexpensive, 
fast and requires only small volumes of organic solvent as extractant. The hollow 
fiber can be discarded after each extraction so that carryover and cross-contamination 
is avoided altogether. From the results of our experiments, we have shown that the 
DHF-HS-LPME combined with GC/MS is an effective method for the qualitative and 
quantitative analysis of PAHs in soil. The limitation of this technique is that the 
extraction organic solvent should have a relatively high boiling point with low vapor 
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  A New Dynamic Liquid-Liquid-Liquid Microextraction  
With Automated Movement of the Acceptor Phase 
 
6.1 Introduction  
     Although conventional liquid-liquid extraction (LLE) has been widely used for 
sample pretreatment of organic compounds from aqueous samples [1-4], as mentioned 
previously, relatively large amounts of solvents are used, the toxicity and 
environmental consequences of solvent disposal must be considered. In addition, 
when dirty aqueous samples are involved, matrix effects have to be taken into account. 
 Previous chapters have shown LPME to be an alternative method to conventional 
LLE. Its main applications lie in the trace analysis of pollutants in the environment [5-
8] and drugs in biological fluids [9-10]. As was mentioned above, several such 
microextraction techniques have been developed such as single-drop microextraction 
[11, 12], static LPME/HF and dynamic LPME/HF [13]. 
 Liquid-liquid-liquid microextraction (LLLME) is a more recent microextraction 
technique in the field of miniaturization of sample pretreatment.  
      Pedersen-Bjergaard and Rasmussen [14] developed the concept of LLLME, which 
was used to extract ionizable and chargeable compounds from aqueous samples. In 
this method, the hollow fiber membrane was used to separate the three liquid phases 
and provide a high degree of sample cleanup since extraneous materials and particles 
 110 
were not extracted into the acceptor phase. The three phases involved were aqueous 
sample solution (donor solution), a very small volume of organic solvent immobilized 
in the pores of the hollow fiber, and a small volume of aqueous acceptor solution 
inside the hollow fiber channel (acceptor solution). This LLLME technique was 
employed to the analysis of acidic drugs in human urine [15] and antidepressant drugs 
[16].  
      In an attempt to improve on the extraction efficiency of LLLME, more recently, 
Hou and Lee [17] introduced the use of a syringe pump to enable repeated movement 
of the microsyringe plunger to manipulate the organic solvent and/or acceptor 
solution. In that technique, termed as dynamic three-phase microextraction, 5 mL of 
the aqueous acceptor solution was first withdrawn in the syringe, followed by 2 mL of 
organic solvent that was confined in the hollow fiber. The pores of the fiber were pre-
impregnated with the organic solvent. When the plunger was withdrawn during the 
extraction, 2 mL of aqueous donor solution was withdrawn into the fiber channel. The 
donor plug is then expelled, and a fresh aliquot of donor sample is then brought into 
the hollow fiber channel. However, there are some limitations existing in this method. 
Firstly, it only increased the interfacial area of contact between the organic phase and 
the donor phase, as both the external and internal surfaces of the organic phase were 
in contact with the donor phase. Secondly, the interfacial area of contact between the 
organic solvent and the aqueous acceptor solution was very small. The area (S) can be 
calculated as: S = p r2, where r is the internal radius of the syringe barrel. Using this 
equation, the interfacial area was estimated to be 0.18 mm2 (syringe barrel cross-
sectional area). This suggested that the mass transfer of the analytes from the organic 
phase into the acceptor phase could be compromised. Thirdly, strictly speaking, there 
was no relative movement between the acceptor phase and the organic phase. Thus, to 
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obviate the shortcomings mentioned above, an attempt should be made to greatly 
increase the interfacial area of contact between the organic and acceptor phases. In 
addition, the relative movement between organic phase and acceptor phase could 
additionally be beneficial to mass transfer. 
In this chapter, we studied a new approach to LLLME - that is dynamic LLLME, 
with automated movement of the acceptor phase. This new technique involved the 
automated movement of the acceptor phase in the hollow fiber using a syringe pump. 
The aim was to develop a more efficient LLLME alternative. The new technique was 
optimized with respect to the type of organic solvent used for immobilization, 
compositions of the donor and acceptor solutions, stirring speed, extraction time, and 
the movement pattern of the syringe plunger. Nitrophenols were chosen as model 
compounds. They are widely present as pollutants in the aquatic environment as a 
result of industrial discharges [6].  
 The results indicated that dynamic LLLME, with automated movement of the 
acceptor phase was an efficient extraction technique to determine nitrophenols in 
aqueous solution, in combination with HPLC.  
 
6.2 Experimental Section 
6.2.1 Apparatus 
      The HPLC system consisted of a Hewlett-Packard (Palo Alto, CA, USA) 
Series 1050 pump, a Hamilton (Reno, NV, USA) injector equipped with a 10-mL 
sample loop, a series 1050 UV detector and LC1050 ChemStation software. A 
Spherisorb (PhaseSep, Norwalk, CT, USA) ODS-2 200 mm x 4.6 mm I.D. column 
was used for separations. The mobile phase was acetonitrile-water (40:60) with 75 
mM sodium acetate-glacial acetic acid (pH 3.50).  
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A Harvard Apparatus (Holliston, MA, USA) PHD 2000 programmable syringe 
pump was used to withdraw and discharge the acceptor solution into the hollow fiber 
at a prescribed rate. 
 
 
Figure 6-1 Structures of the four phenols considered in this work 
 
6.2.2 Chemicals and Materials 
      The hollow fiber used was the same as described in previous chapters. Sodium 
acetate, 1-octanol, n-octane, isooctane, n-hexane, toluene and butyl acetate were 
bought from Merck. 3-Nitrophenol (3-NP), 4-nitrophenol (4-NP), 3,4-dinitrophenol 
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(3,4-DNP) and 2,4-dichlorophenol (2,4-DCP) (Figure 6-1) were bought from Sigma-
Aldrich. Each analyte was dissolved in HPLC-grade methanol to obtain a stock 
solution with a concentration of 1 mg/mL. These solutions were stored at 4 oC. 
Working solutions were prepared by dilution of stock standards with water purified by 
a Milli-Q ultrapure water purification system. 
 
6.2.3 Extraction Procedure 
The dynamic LLLME experimental setup is illustrated in Figure 6-2 and the 
mechanism of extraction in Figure 6-3. The hollow fiber was cut into 2-cm segments. 
Each segment was flame-sealed at one end and had an internal volume of about 4.4 
mL. The segments were sonicated in HPLC-grade acetone for 10 min to remove any 
contaminants in the fiber. Subsequently, the fibers were removed from the acetone 
and dried in air. Each piece of porous hollow fiber was used for a single extraction 
only.   
  The sample solution (donor phase) was adjusted to be acidic b y HCl (1 M) to 
maintain the phenols in their neutral form. The acceptor phase was adjusted to be 
basic by NaOH to facilitate their extraction from the organic phase. 
   4 mL of the sample solution was placed in a vial, which was placed on a magnetic 
stirrer plate (Heidolph, Kelheim, Germany). A 12 x 4 mm magnetic stirring bar was 
placed in the donor solution to ensure efficient stirring during the extraction. A 
conventional 10 mL HPLC syringe (SGE Scientific, Sydney, Australia) was used. 4 
mL of acceptor solution was introduced into a hollow fiber segment with a sealed end. 
The fiber was immersed in the organic solvent for 5 s to impregnate the pores of the 
fiber with the solvent. Then the fiber, which was still attached to the syringe, was 
placed into the donor solution. The magnetic stirrer and the syringe pump were 
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switched on to start the extraction. 3 mL of acceptor solution was withdrawn into the 
syringe at a prescribed speed (there was a small vacuum when the microsyringe 
plunger withdrew, no apparent change of the hollow fiber and organic solvent film 
was observed); there was a pause for few seconds (or as prescribed) (dwelling time), 
then ejection from the syringe at the same speed, with another pause (or as prescribed).  
   After a prescribed number of extraction cycles, the needle-hollow fiber assembly 
was removed from the donor solution, and the acceptor solution in the fiber was 
withdrawn back into the syringe. Only 1.5 mL of the acceptor solution was used and 
2.5 mL of pure water was withdrawn into the syringe to combine with the 1.5 mL of 
the acceptor solution. The entire solution in the syringe was then injected into the 
HPLC system for analysis.  
 
Figure 6-2 Schematic diagram of the new dynamic LLLME setup  
 
6.3 Results and Discussion  
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6.3.1 Basic Mechanism 
      The extraction process in LLLME involves three phases, namely the aqueous 
donor phase, the organic phase and the acceptor phase. This can be represented by the 
following equation. 
 
                                       ia1 ¾®¬ 1K  io ¾¾ ®¬ 2K  ia2                                                                      (1) 
 
where i is the analyte, a1 is the aqueous donor phase, o is the organic phase 
immobilized in the pores of the hollow fiber, and a2 is the aqueous acceptor phase. In 
the first step of equation (1), the analyte i in a1 distributes between a1 and o. The 
distribution coefficient is given by 






,                                                         (2)           
In the second step, i distributes between o and a2. The distribution coefficient is 
expressed by 






,2                                                          (3) 
where Ca1,eq, Co,eq and Ca2,eq are the concentrations of i in a1, o and a2, respectively, at 
equilibrium. The enrichment factor18 (EF) at a given time during the extraction can be 
determined as the ratio of the concentration of i in the aqueous acceptor phase at that 
time, to its initial concentration (Ca1,initial): 






2                                 (4) 
      Agitation of the aqueous donor solution (a1) is usually  performed to enhance the 
extraction efficiency. According to the film theory19,21, efficient stirring increases the 
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mass transfer coefficient in the aqueous phase ( 1ab ) by decreasing the thickness ( 1ad ) 
of the Nernst diffusion film. The relationship between 1ab  and 1ad  is given by
18  






                                              (5) 
This results in a higher rate of mass transfer into the organic phase. In addition, 
agitation can ensure that the aqueous sample in contact with the organic phase is 
constantly renewed.  
  In this study, the film theory is used to explain the improved extraction efficiency 
in dynamic LLLME with automated movement of the acceptor phase. The film theory 
assumes that a stagnant film exists near every interface, and mass transfer across this 
film occurs via diffusion only.14 Therefore, we can assume that a very thin aqueous 
film (AF) of the acceptor solution is present on the inner wall of the hollow fiber. This 
film is fixed and does not mix with the bulk of the acceptor phase. Considering the 
mass transfer of analyte i from the o-a2 interface into a well mixed solution a2, we 
can expect that the amount transferred per unit area, or flux (N) at the interface is 
proportional to the concentration difference between AF and the bulk acceptor phase: 
                                                  N = k(CAF – Ca2)                                       (6) 
where k is the mass transfer coefficient.  
      Based on the above theoretical considerations, repeated movement (withdrawal 
and discharge) of the acceptor phase is introduced to facilitate mass transfer into a2. 
The extraction process between o and a2 can be illustrated by the following steps 
(Figure 6.3): 
(1) When the aqueous plug (AP) is withdrawn, a very thin aqueous film (AF) is 
left on the inner surface of the fiber (Although there is a small vacuum formed, 
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according to our observation, it does not affect organic solvent impregnated on 
the pores of the hollow fiber.) 
 
  
Figure 6-3. Expanded view of dynamic LLLME with the automated movement of the 
acceptor phase in the hollow fiber. (a) At the start of the sampling cycle, the acceptor 
solution (AP) resided in the hollow fiber channel.  (b) The AP was withdrawn into the 
syringe. Analytes were extracted from the organic phase into AF. (c) The AP was 
discharged into the fiber. Analytes were transferred from AF into AP.   
       
(2) The analyte is transferred rapidly from the organic phase in the wall pores into 
the AF. (As AF has a very small volume, CAF, hence (CAF – Ca2) is very large. 
This results in a large value of N.) 
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(3) The AP is completely discharged into the fiber. 
(4) The analyte is “transferred” rapidly from the AF into the AP (AF works as an    
“analyte transporter” by which the analyte is transferred from the organic    
 phase into the AP). 
       An expanded view of the dynamic movement is shown in Figure 6-3. With the 
successive extractions using a very small volume of acceptor solution, the extraction 
efficiency can be enhanced significantly. 
 
6.3.2 Selection of Organic Solvent 
      The type of solvent immobilized within the pores of the hollow fiber is of high 
importance to achieve efficient analyte preconcentration. In previous chapters, the 
factors to be considered in the selection of a suitable solvent were discussed. There 
include low solubility in water to avoid dissolution into the aqueous phase, low 
volatility to prevent solvent loss due to evaporation, and effectively immobilization in 
the pores of the fiber to ensure a high quality intermediate phase. Also, the solubility 
of the analyte in the organic solvent should also be higher than that in the donor phase 
and lower than that in the acceptor phase.5 This promotes analyte migration from the 
donor phase through the pores of the hollow fiber and finally to the acceptor phase. 
Finally, the polarity of the organic solvent should match that of the polypropylene 
fiber, so that it can be easily immobilized within the pores of the fiber.  
    Six organic solvents, namely 1-octanol, toluene, hexane, n-octane, isooctane and 
butyl acetate were evaluated. Each extraction was performed for 20 min, using 
standard solutions containing 200 ng/mL of each the four nitrophenols dissolved in 
0.1 M HCl. Toluene could only extract 3,4-dinitrophenol. Hexane, n-octane and 
isooctane could only extract 2,4-dichlorophenol. Butyl acetate could only extract 4-
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nitrophenol and 2,4-dichlorophenol. Only 1-octanol could extract all four compounds 
and the HPLC signals obtained were relatively higher than that of any other organic 
solvent studied. This could be attributed to its relatively higher polarity and greater 
affinity to the analytes. In addition, this solvent also has low volatility, poor solubility 
in water, and can be effectively immobilized in the hollow fiber wall pores. Thus, 1-
octanol was selected as the suitable solvent. 
 
 
6.3.3 Compositions of the Donor and Acceptor Phases 
      In LLLME, the adjustment of the pH value of the donor and acceptor phases is 
another key to achieve high distribution ratios and enrichment factors. As the target 
compounds were acidic, the pH of the donor solution was adjusted in the proper 
acidic range to neutralize the compounds and reduce their solubility in the sample 
solution.  To ensure efficient analyte transfer into the acceptor phase, the pH of the 
acceptor solution was adjusted to be in the basic range. This facilitates analyte 
extraction from the organic phase, and leads to their ionization of the analytes, thus 
preventing them from re-entering the organic phase.  
 With 1-octanol being immobilized in the pores of the fiber, a series of extractions 
were performed for 20 min each at 700 rpm, with HCl in the donor phase and NaOH 
in the acceptor phase. The pH of the donor phase was studied in the range of 0 to 3. 
The effect of pH of the donor phase on extraction efficiency is shown in Figure 6-4. 
      When the pH was reduced from 3 to 1, the peak areas of all the analytes were 
found to increase. This change could be explained by their pKa values. The pKa values 
of 4-NP, 3-NP, 3,4-DNP and 2,4-DCP are 7.2, 8.4, 3.5 and 7.8 respectively. For 
almost complete deionization of an acidic analyte, the pH of the donor solution should 
be lower than its pKa by at least 2 units. As 3,4-DNP has the lowest pKa of 3.5, the pH 
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of the donor solution should be 1.5 or below. Hence the pH value at 1 gave the 
highest HPLC signals for all the analytes and was chosen as the optimum pH. On the 




















Figure 6-4 The effect of pH in the donor phase on the extraction efficiency  
 
decreased. Thus, too high an acidity is undesirable, as protonation of the analytes can 
occur and mass transfer into the organic phase will be hindered. Subsequently, 
Sodium chloride was added to the donor solution to investigate the possibility of the 
salting-out effect from the donor phase, which may enhance the extraction efficiency. 
However, with sodium chloride in the sample, no enhancement in enrichment factors 
was observed.  
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Figure 6-5 The effect of concentration of NaOH in the acceptor phase on extraction 
efficiency 
 
For the acceptor phase, the pH was studied in the range of 11 to 13. The effect of 
pH of the acceptor phase on extraction efficiency is shown in Figure 6-5. The peak 
areas of all the analytes increased with the pH from 11 to 13. However, the pH of the 
acceptor phase should not be too high (eg. pH 14), as this may damage the HPLC 
column packing. Thus, pH 13 was chosen as it gave the highest HPLC signals for all 
the analytes. Notwithstanding this, this column was thoroughly rinsed at the end of 
the day. 
 
6.3.4 Extraction Time 
The effect of extraction time on the amount of analytes extracted was investigated. 
Each extraction was performed on a standard solution containing 200 ng/mL of each 
of the nitrophenols dissolved in 0.1 M HCl. The acceptor solution was 0.1M NaOH. 
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Since the extraction is not an exhaustive process, the main objective is to achieve 
sufficiently high extraction efficiency within a relatively short time. Furthermore, if 
the extraction time is too long, solvent loss and formation of air bubbles may occur 
(see previous chapters) and the extraction could not be continued satisfactorily. As 
shown in Figure 6-6, the amount of analytes extracted was found to increase with 
extraction time. The results indicated that the HPLC signals obtained for the analytes 
were sufficiently high at 20 min. In addition, it is not normally considered practical to 
wait for the extraction to attain (> 60 min). Thus, 20 min was chosen as the extraction 




























6.3.5 Stirring speed 
 Stirring was employed to facilitate the mass transfer process and extraction 
efficiency. In this study, stirring speed was optimized for the extraction. As shown in 
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Figure 6-7, the experimental results supported this explanation. Peak areas were found 
to increase with the stirring speed from 200 to 700 rpm. However, at 1000 rpm, the 
agitation became too vigorous and caused the formation of air bubbles that tended to 
adhere to the wall of the fiber. This could have accelerated solvent evaporation and 
resulted in poor extraction efficiency and reproducibility. On the basis of these 





















Figure 6-7 The effect of stirring speed on extraction efficiency 
 
6.3.6 Plunger Speed and Dwelling Time 
      During the extraction, the syringe plunger was automatically manipulated. Each 
sampling cycle consisted of four steps: withdrawal of the acceptor phase, a pause 
(dwelling), discharge of the acceptor solution, and another pause. The effects of the 
plunger movement speed (sampling volume/withdrawal time) and the dwelling on 
extraction efficiency were studied. 
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   The plunger speed was studied in the range of 0.1 to 0.5 mL/s. Dwelling time was 
set at 5 s.  From the results shown in Figure 6-8, it was observed that the amount of 
analytes extracted was higher with the increase of the plunger speed. This is due to the 
fact that when a higher plunger speed was used, more samplings could be performed 
in a given period of time. Based on the observations, 0.5 mL/s was chosen as the 










0 0.1 0.2 0.3 0.4 0.5 0.6











 Figure 6-8 The effect of plunger speed on extraction efficiency 
 
      As described in the previous chapter, dwelling time is defined as a pause time 
between the withdrawal and infusion of the organic solvent into the hollow fiber 
during the sampling cycle. To investigate the effect of dwelling on extraction 
efficiency, the plunger speed was kept at 0.5 mL/s and the dwelling was varied from 1 
to 5 s. As shown in Figure 6-9, the results indicated that influence of dwelling on the 
amount of analytes extracted was found to be insignificant. This is most probably due 
to the very thin aqueous acceptor film left on the inner wall of the fiber after each 
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withdrawal movement of the syringe plunger. Hence, equilibrium was achieved very 
quickly between the organic phase and aqueous acceptor film. For practical reasons, 5 






















        Figure 6-9 The effect of dwelling on extraction efficiency 
 
6.3.7 Method Evaluation 
     To evaluate the practical applicability of the new technique, its calibration linearity 
range, repeatability and limits of detection were investigated. Figure 6-10 shows the 
liquid chromatogram obtained from the microextraction of a spiked (200ng/mL of 
each analyte) aqueous solution using the new dynamic LLLME technique. The 
performance of this technique is shown in Table 6-1. It was observed that enrichment 
factors of up to 347-fold were achieved for the aqueous samples.  The RSD was less 
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than 9.30 % for five replicate experimental results. All of the analytes exhibited good 
linearity over a range of 10 to 1000 ng/mL with the square of the correlation 
coefficient (r2) > 0.9916. Good detection limits in the range of 0.45 to 0.98 ng/mL 




Figure 6-10 Liquid chromatogram obtained from the extraction of a spiked (200 
ng/mL of each analyte) aqueous solution  containing (1) 4-nitrophenol (5.3 min); (2) 
3-nitrophenol (5.8 min); (3) 3,4-dinitrophenol (7.8 min); and (4) 2,4-dichlorophenol 
(13.9 min), using dynamic LLLME. Conditions are as given in the text.  
 
      This new dynamic technique gave good repeatability. It can be due to the 
automated movement of the syringe plunger by the syringe pump. Hence, the 
accuracy of the control of the plunger speed and dwelling was improved. 
Furthermore, the formation of air bubbles in the acceptor solution was reduced and 





Table 6-1 Performance of new dynamic LLLME 
 
  
Analyte          Enrichment        Linearity range        RSD(%)         LOD 
                         Factor  (ng/mL) (n=5)   (ng/mL) 
4-NP   194    10-1000  3.23   0.88 
3-NP   190    10-1000  9.25   0.45 
3,4-DNP   201    10-1000  3.46   0.65 
2,4-DCP   347    10-1000   8.01    0.98 
 
 




6.3.8 Comparison with Static Liquid-Liquid-Liquid Microextraction (LLLME) 
 The enrichment factors, obtained by the new dynamic LLLME technique using 
the optimum conditions, were compared to those of static LLLME. Static LLLME 











   4-NP                                93                           194                          2 x  
  3-NP                                 97                           190                          2 x  
  3,4-DNP                         112                           201                          2 x  
  2,4-DCP                         227                           347                          1.5 x   
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HCl donor solution, 0.1 M NaOH acceptor solution, a stirring speed of 700 rpm and 
an extraction time of 20 min. Similarly, 1.5 mL of the acceptor solution was injected 
into the HPLC system after each extraction. As shown in Table 6-2, the enrichment 
factors of static LLLME were from 93 to 227 while for the new dynamic mode the 
enrichment factors were from 194 to 347. In conclusion, the enrichment factor of the 























6.4 Concluding Remarks  
   In this chapter, a new extraction approach termed dynamic three-phase liquid 
microextraction, with the automated movement of the acceptor phase was developed. 
As compared to static LLLME using hollow fiber-protected LLLME, this dynamic 
method could achieve much higher enrichment factors (up to 400-fold) under 
optimum conditions. In fact, the technique only needed several microlitres of organic 
solvent and acceptor phase (4 mL) with 20-min extraction time. The newly developed 
dynamic LLLME is one-step microextraction technique and it is fast and simple to 
operate, requires a minimum amount of solvent. It also serves as an effective sample 
cleanup approach with the protection afforded by the hollow fiber membrane. 
Moreover, with automation, good precision and high enrichment was achieved.   
      However, there is a limitation regarding the movement syringe pump. The speed 
of the syringe plunger was limited by the pump itself (the plunger speed used in this 
chapter was the maximum that the pump can handle). The number of samplings over 
a given time could not be further increased to attain even higher enrichment of the 
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Although sample preparation is perhaps the most important step in an analytical 
protocol, its development and implementation of new approaches has been very slow 
when compared with other components of the analytical process. Modern analytical 
instrumentation has developed rapidly such as GC/MS, LC/MS, CE, etc. However, 
many methods for sample preparation are still based on conventional extraction such 
as liquid-liquid extraction or liquid-solid extraction (Soxhlet extraction). This 
probably provided the impetus, in the past fifteen years, for the development of new 
microextraction techniques. Microextraction is now an active research field with 
advantage of easy handling, speed, economy and compatibility with the low injection 
volumes of modern analytical instruments. 
Throughout this work, the results explicitly demonstrated that the newly 
developed microextraction techniques can be efficiently employed to the analysis of 
environmental pollutant in aqueous solutions and soil or slurry samples. In addition, 
all these new techniques are easily compatible with GC, GC/MS or HPLC.  
  In Chapter 2, a new type of SPME fiber, zeolite-type ZSM-5-coated on capillary 
tubing was developed for extracting and determining trace levels of environmental 
pollutants. Unlike aluminum oxide, graphite and charcoal, zeolite-type particles 
possess an ordered crystal structure and uniform pore sizes. The ZSM-5 coating is 
porous, hydrophobic and has affinity for volatile organic compounds. The factors 
influencing the extraction efficiency of this fiber were investigated and optimized. 
The results show that this type of fiber coating has the advantages of high analyte 
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adaptability, affordability, easy fabrication and stability. The availability of other 
zeolite types is also an advantage since the potential applicability is wider. 
     In Chapter 3 and 4, solvent bar microextraction (SBME) was reported. In the novel 
implementation of LPME, the organic solvent was sandwiched within a sealed hollow 
fiber and allowed to tumble freely in the sample solution during extraction. In contrast 
to single-drop microextraction and hollow fiber-protected LPME, SBME provided 
much better extraction efficiency. Parameters such as extraction time, stirring speed, 
volume of organic solvent, etc were discussed in detail.  In addition, as compared with 
direct SPME, for slurry samples, the precision of the new technique was much better. 
This new technique was also applied to the extraction and analysis of polycyclic 
aromatic hydrocarbons (PAHs) with very good results. 
      In Chapter 5, the development of dynamic hollow fiber-supported headspace 
solvent microextraction (DHF-HS-LPME) was reported for the analysis of semi-
volatile environmental pollutants from soil matrix. By controlling the microsyringe 
plunger with a syringe pump, the organic solvent was manipulated in the hollow fiber, 
resulting in the formation of an organic film that was used as the extraction interface.  
Extraction factors, such as the amount of water in the soil sample, sampling 
temperature, addition of salt, plunger speed, headspace volume and extraction time 
were investigated and optimized. The optimized procedures were used to extract 
semi-volatile compounds (PAHs) from soil. In addition, due to the simplicity and low 
cost of the extraction device, the hollow fiber can be discarded after each extraction 
so that carryover and cross-contamination could be avoided. From the results of our 
experiments, it was shown that DHF-HS-LPME combined with GC/MS was a viable 
alternative to headspace analysis, using SPME or purge and trap.   
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      In Chapter 6, a dynamic approach for three-phase microextraction technique ¾ 
dynamic liquid-liquid-liquid microextraction technique with the automated movement 
of the acceptor phase (LLLME/AMAP) was developed. In contrast to static LLLME 
and a previously reported dynamic three-phase microextraction, LLLME/AMAP was 
shown to be much more efficient and could achieve much higher enrichment factors 
(up to 400-fold) under the optimized conditions. This newly developed procedure was 
a one-step microextraction technique and was demonstrated to be a fast, simple-to -
operate and precise method for the concentration and analysis of ionizable compounds 
in aqueous solution.  
      However, although these newly developed extraction methods have been shown to 
good alternatives to present methods, there were some shortcomings existed. For 
instance, the ZSM-5-coated SPME fiber was used for headspace analysis, not suitable 
for direct extraction of aqueous solution. This was due to the fact that the zeolite 
would adsorb the water and the extraction efficiency could be compromised. For 
SBME, solvent bar was unstable under very high stirring speed. It needed further 
improvement in the aspect of selection of hollow fiber material and organic solvent. 
For dynamic LLLME/AMAP, its application was limited for those analytes, such as 
phenols, anilines or some pharmaceutical drugs that could be ionizable in the aqueous 
solution. 
      The future development of the procedures reported in this thesis could 
conceivably involve their application to food, flavor, and biological sample analyses. 
In addition, further work could be targeted towards a better integration of these novel 
techniques and chromatography, (e.g. some degree of automation). This would result 
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